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Nomenclature

Acronyms and Abbreviations

AOP Asphaltene onset point

BET Brunauer-Emmett-Teller

CII Colloidal instability index

EOR Enhanced oil recovery

IFT Interfacial tension

IUPAC International Union of Pure and Applied Chemistry

n-heptane Normal heptane

NP Nanoparticle

NC Nanocomposite

SARA Saturate, Aromatics, Resin, Asphaltene

SEM Scanning electron microscope

TGA Thermogravimetric analysis

XRD X-ray diffraction

EDAX Energy dispersive X-ray analysis
Symbols

A Surface area of NC, m%/g

Ad Asphaltene absorbance after dilution

Ai Initial absorbance of asphaltene

Cd Concentration of asphaltene after dilution

G Initial asphaltene concentration, mg/L

C, Equilibrium asphaltene concentration, mg/L

Cyp Nanoparticle concentration, g/L

Kr Freundlich constant



KL Langmuir constant

M Mass of asphaltene, mg

m Mass of NC, g

Pe NP mass per Initial Asphaltene Concentration, £
C, mg/L

Mads Mass of adsorbed asphaltene, g

MTGA (ads+NP) Mass of adsorbed asphaltene and NP from TGA, g

MTGA(NP) Final mass of NP, g

Vi Volume of synthetic oil, ml

V2 Volume of toluene, ml

Mw Molecular Weight, mol/g

Geq Equilibrium asphaltene concentration, mg/g

Qe Equilibrium asphaltene amount per surface area, ¢

Qnm Maximum amount of adsorbed asphaltene per surface area, s the

equilibrium adsorbate uptake per surface area of the adsorbent (mg/m?),

SD, Standardized Deviation, %

Greek Letters
g Molar absorption coefficient, M'cm!
A Spectrophotometry wavelength, nm

Metric Conversion Factors

1 ppm 1 mg/L

1 min 60 sec

1 hour 3600 sec

1 mD 9.869 x 107'® m?
1 bbl 0.159 m?

1 nm 10°m



Abstract

Asphaltene precipitation and deposition in petroleum industry presents a big challenge. Major
issues with asphaltene deposition include clogging of pores, flow impairment in pipelines, and
surface facilities and production equipment. Nanoparticles exhibited excellent properties to
prevent asphaltene precipitation. In this research work, a novel nanocomposite (NC) of
Thiazine-Fe304-Si02-TiO2-Bentonite was synthesized, characterized, and tested as a novel
agent for asphaltene precipitation inhibition. The NC was characterized using various
techniques including scanning electron microscopy (SEM), energy dispersive spectroscopy
(EDS), Brunauer-Emmett-Teller analysis (BET), X-ray diffraction (XRD), and Fourier-
Transform infrared spectroscopy (FTIR). The particle size of the NC determined by using SEM
is on the range of 38-74 nm. The crystallite size of the NC calculated from XRD is 46 nm
showing good match with SEM measurements. The surface area of the NC was determined
using BET analysis as 43.84 m?/g. Asphaltene was extracted from a paraffinic heavy crude oil
from West Kazakhstan using indirect IP-143 standard method. UV-spectroscopy was used to
investigate asphaltene onset point (AOP) in absence and presence of the NC. The research
results demonstrated that the assessed NC can effectively delay the asphaltene onset point in a
0.5 wt% asphaltene synthetic oil. The new NC works best at 0.3 wt% concentration of NC,
increasing AOP from 40 to 45 vol% of n-heptane. The Langmuir model fitted best to the
experimental adsorption isotherms data for the NC suggesting a monolayer asphaltene
adsorption. Thermogravimetric analysis (TGA) was used to assess thermal stability of the NC,
to investigate adsorption kinetics of the asphaltene-NC system, oxidation behavior, and
catalytic effect of the NC. Asphaltene adsorption and obtain adsorption kinetics isotherms. TGA
analysis also revealed that asphaltene adsorbed on the NC and pure asphaltene both oxidize.
When the NC was added, this significantly lowered the temperature at which asphaltene
oxidizes proving that the novel NC has a catalytic effect. TGA analysis confirmed that the main
function of the NC in process of asphaltene oxidation is to assist the process by increasing its
surface exposure in addition to acting as a catalyst. Overall, the results showed that the novel
NC performed well under laboratory conditions and prevented asphaltene precipitation,
effectively. The outcomes of this research work can help in development and testing new nano-
inhibitors leading to higher rates of oil recovery and trouble free production and transportation

of problematic crude oils.

Keywords: Asphaltene precipitation, asphaltene adsorption, asphaltene precipitation, AOP

shift, nanocomposite, nano-inhibitors, adsorption kinetics.
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1 INTRODUCTION

In this chapter, a brief background on the nature of asphaltene, their molecular structure,
adsorption properties, and the application of ion nanocomposites site as inhibitors for
asphaltene precipitation inhibition is provided. Then, the problem statement, aims, objectives,
and methods used for the proposed research and their relevance to the oil industries are
presented. Finally, the thesis structure and organization are introduced at the end of the

background chapter.

Uninterrupted crude oil production is a major force that keeps the world economy
running smoothly, as most countries either produce or import crude oil to develop their
economic system [1]. Flow assurance issues such as wax deposition, hydrate formation, and
asphaltene precipitation are all conditions that threaten the crude oil supply, with asphaltene
being the most damaging of them all [2]. As a result, the study of asphaltene has gotten much
attention in the oil and gas industry. McMullen [3] discusses the industry's flow assurance
challenges, emphasizing the need to manage and build confidence in the areas of erosion, wax
and asphaltene deposition, corrosion, and hydrate formation, all of which are dependent on fluid

mechanics, oil field chemistry, process instrumentation, and control, and heat transfer.

Asphaltene management has relied solely on empirical methods, with a few successful
field trials but no robust analytical model to forecast its onset and deposition. Asphaltene
remains ambiguous because a minor is recognized explicitly about the molecule. Asphaltene is
the highest molecular weight oil fraction, usually by their solubility. Based on the solubility
approach, asphaltene dissolves in aromatic solvents (e.g., toluene) and precipitates in paraffinic
solvents like n-heptane [4]. Asphaltene is composed of hydrocarbons and heteroatoms such as
sulfur (S), nitrogen (N), oxygen (O), and trace metals such as nickel (Ni) and vanadium (V) [4].
Asphaltene is thought to be encased in resin that act as peptizing agents, keeping the asphaltene
in a colloidal dispersion (rather than a solution) within the crude oil [5]. They can precipitate
as the oil's temperature, pressure, or composition changes. When the equilibrium has shifted,
the resin surrounding the asphaltene tend to move into the non-polar part of the oil to restore
the equilibrium [5]. In such cases, asphaltene particles overcome Brownian forces and form
nanoaggregates. Pressure is the most critical factor influencing asphaltene
precipitation/deposition in isotherm system. Typically, asphaltene and light ends compete for

solubility in oil. When the reservoir pressure is reduced to saturation pressure, light oil ends in
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a gas state, and asphaltene has more opportunities to dissolve in oil. Therefore, as the pressure

decreases, it can be argued that asphaltene is stabilized in oil [5].

There are several techniques available to mitigate asphaltene precipitation and
deposition. Figure 1-1 depicts different asphaltene deposition treatment methods. They include
mechanical, chemical, thermal, ultrasonic, bacterial, and nanotechnology-based techniques.
The mechanical method includes using slicklines or coil tubing to clean the wellbore. However,
this method is time-consuming and expensive, especially if the deposits are hard and long.
Another method is the application of chemicals (aromatic solvents) to dissolve the deposited
asphaltene. This method's limitation is the aromatic solvent's low flash point, which can be very
dangerous. Aromatic solvents such as xylene and toluene have flash points of 28°C and 5°C,
respectively [6]. The low ignition temperature implies a high risk of explosion and fire. When
any ignition or spark source appears, aromatic solvents can instantly ignite since their ignition
temperature is near room temperature. The thermal method decreases the viscosity of crude oil
and helps to ease the flow of asphaltic crude oil. The thermal method includes the application
of steam or downhole heaters, requiring lots of electrical energy [6]. Pu et al. conducted several
experiments and concluded that ultrasonic waves could be used to treat the formation damage
[7] .R. Rezaei Dehshibi et al. investigated the removal effect of ultrasonic waves on asphaltene
deposition [8] The ultrasonic technique may positively affect the reversibility of asphaltene
deposition, so asphaltene molecules deposited on the walls could dissolve in the oil again.
According to the R. Rezaei Dehshibi et al. study, around 70% of deposited asphaltene will not
precipitate using the ultrasonic method [8]. Large aggregate asphaltene could be separated from

its surface by vibration of ultrasound waves and moved into the main flow path.

As all of the methods mentioned above suffer from some limitations, there is a need for
a new alternative method to provide more effective and efficient inhibition. The application of
nanotechnology was introduced as a new solution to mitigate issues caused by asphaltene
deposition. Asphaltene precipitation in porous media has enhanced oil recovery implications,
as well. There is an asphaltene adsorption phenomenon when molecules of asphaltene tend to
adhere to the walls of porous media, changing the wettability of the formation from a water-
wet to an oil-wet. Adsorption of asphaltene onto the surface of NPs can decrease the chance of
asphaltene precipitation/deposition enhancing the flow of oil in porous media and increasing
the oil recovery via wettability alteration (Figure 1-2) [9]. The most significant advantage of

using NPs is their high surface-to-volume ratio, meaning they can absorb a high amount of
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asphaltene molecules [10]. In addition, NPs can quickly move through the pore channels
because of their small size. However, research shows that NPs can only slow down the
deposition of asphaltene, and complete prevention of precipitation is not feasible [11]. The main
advantages and disadvantages of asphaltene deposition prevention techniques are summarized

in Table 1.

Mechanical method

Chemical method

Thermal method

Ultrasonic method
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Figure 1-1 Asphaltene deposition treatment techniques

(a) Disjoining pressure () Preventing asphaltene precipitation

w5
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(b) Pore channels plugging () Wettability alteration

Figure 1-2. Schematic mechanisms of nanofluid [9].
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Table 1-1. Advantages and disadvantages of asphaltene deposition mitigation techniques.

Treatment Advantages Disadvantages
techniques
Mechanical Simple technique Expensive

Time-consuming [6]

Chemical The high solubility of asphaltene in | Risk of explosions [6]
aromatic solvents Corrosion

Environmental hazards

Thermal Improves the flow of oil. Decreases | It may cause formation damage
viscosity of crude oil. High cost

Availability of electricity

Ultrasonic No harm to the reservoir and ecology | A small area of effect [§8]

Low operation costs

Nanotechnology High removal efficiency Recyclability [6]

1.1 Problem statement

Asphaltene precipitation is generally accepted to cause serious flow assurance challenges. The
research on asphaltene science contains lots of evidence of NPs being used effectively to inhibit
asphaltene precipitation. Nowadays, most mitigation measures deal with the negative
consequences of the asphaltene deposition problem. Various chemical and mechanical methods
require additional costs and time, and there is a possibility that the precipitation will be repeated.
Hence, it is ineffective, as there is no guarantee that pressure and temperature will not change
with time in the field and that asphaltene will not deposit again. NPs have benefits not only
from the technical side, including their specific properties, such as the high surface area to
volume ratio, but it is also advantageous from the economic and environmental aspects [5].
Previous studies have shown the positive impact of NPs on asphaltene aggregation. The nano-
inhibition process is required to treat the asphaltene deposition problem, as it deals with this
problem on a molecular level. Nassar et al. investigated the fast adsorption of asphaltene
aggregates to the surface of aluminum oxide (y-Al203) NPs [12]. In another study, Nassar et al.
reported that NiO > Co304 > Fe3Os is the order in which transition metal oxide NPs lose their
affinity for adhering to asphaltene [13]. Specific NPs improve the specific area of oil
production; however, combining different nano-substances allows for simultaneously

improving different aspects of oil production. The new nanocomposite will not only adsorb
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asphaltene but also consider such factors as acidity and solution stabilization. The main novelty
of this work is that few studies were conducted to investigate the asphaltene inhibition
properties of NPs, and even less studies were performed on nanocomposites as nano-inhibitors.
There is a still huge gap between the factors affecting performance of NPs as asphaltene
inhibitor. These factors include the size, surface chemistry, and concentration of
nanocomposite. Furthermore, there is a need to optimize the use of NPs to achieve maximum

inhibition while minimizing any negative effects on the oil and gas production process.
1.2 Relevance to the industry

The US Energy Information Administration (EIA) forecasts that worldwide energy
consumption will increase by nearly 50% between 2018 and 2050 in its latest International
Energy Outlook 2019 (IEO2019) Reference case [14]. The petroleum industry remains the most
significant energy supplier, as nearly half of the world’s primary energy source will be fossil

fuels. Asphaltene deposition is a crucial problem for the oil and gas industry.

Most techniques for inhibition/removing asphaltene precipitation deal with the problem on
a production level, removing asphaltene deposits from the pipes and tubes and not affecting the
rate of asphaltene precipitation in the formation. The relevance of the thesis is that the new
nano-inhibitors will not correct the negative consequences of asphaltene aggregation but will
prevent this process in the reservoir itself. As a result, the employment of NPs in the oil sector
to prevent asphaltene precipitation is regarded as a valuable and efficient technology from an

economic and environmental standpoint.
1.3 Research objectives

The present research aims to evaluate the effectiveness of a novel nanocomposite Thiazine-
Fe304-Ti102-S102-Bentonite for inhibiting asphaltene precipitation of an asphaltene extracted
from a Kazakhstani crude oil. The main novelty of the work is not only the application of such
types of NPs but the use of their combination of them. Each nanoparticle has its functions, and
using nanocomposite allows for influencing several issues simultaneously. For example, silica
oxide keeps asphaltene suspended, changes wettability and reduces IFT to improve oil recovery.
Metal oxides are proven suitable asphaltene adsorbents. Bentonite is responsible for improving
the physical and thermal properties of the nanocomposite. The thesis mainly focuses on the
characterization of the novel nanoinhibitor and evaluation of its efficiency. There are several

objectives to achieve the aim of a research project as listed below:
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e To determine physical and chemical properties of the NC using SEM, EDAX, BET,
XRD, FTIR and TGA techniques,

e To determine asphaltene onset point (AOP) for different NC concentrations using UV-
spectroscopy,

e To determine asphaltene adsorption isotherms using UV-spectroscopy,

e To determine the catalytic effect of NC for adsorbed asphaltene’s oxidation using

thermogravimetric analysis (TGA).
1.4 Research methodology

The following research methodology is designed in four different phases to conduct the present

research work:

e Phase 1. Asphaltene extraction. This phase describes the origin of crude oil and its
specification. In addition, it includes the procedure of asphaltene extraction using the IP
143 technique and the preparation of synthetic oil.

e Phase 2. Nano-composite synthesis.

e Phase 3. Nano-composite characterization. This section describes laboratory
experiments on nano-composite characterization techniques (TEM, SEM, BET, FTIR,
XRD).

e Phase 4. Evaluation of performance of the nano-inhibitor. It provides the procedure of
UV spectroscopy and TGA techniques to evaluate effectiveness of the NC in inhibition

of asphaltene precipitation.
1.5 Thesis structure

The thesis is organized in five chapters. In Chapter 1, after a brief introduction on the
importance of asphaltene precipitation and disposition and the issues causes, the relevance of
the proposed research work to the oil industry, the problem statement, the am, and objectives
of the thesis project, the research methodology, and the structure of the dissertation are
described. A critical analysis of the previous research works, and studies related to the
asphaltene deposition and application of nano-inhibitors in the flow assurance field is presented
in Chapter 2 as a literature review. The experimental procedures used for this research work are
described in Chapter 3. The results of the present research work, plus a discussion of the

limitations of the research work and some nuances of procedure and characterization of
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nanocomposite extracted from the crude oil, are presented, and discussed in Chapter 4. Then, a
summary of the significant findings and outcomes of the conducted research and some

recommendations for further studies are presented in Chapter 5.
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2 LITERATURE REVIEW

The petroleum industry has been the primary energy source worldwide for decades. However,
most conventional reservoirs have already been developed, and their number is much smaller
than unconventional reservoirs. Figure 2-1 illustrates that conventional reservoirs comprised
only 30% of world oil reserves [15]. As most of the oil reserves are unconventional, tight oil
cannot be extracted with conventional Enhanced oil recovery (EOR) methods and is required
to introduce novel methods. Most unconventional crude oil contains asphaltene, which causes
devastating problems connected with flow assurance. In this chapter, first an overview of
asphaltene, their molecular and chemical structure, asphaltene aggregation, and various views
on mechanism of their aggregation is provided. Then, possible factors influencing asphaltene
deposition are discussed. Nanotechnology-based asphaltene precipitation inhibitors are
introduced, and the results of different research works are discussed. A critical analysis of the
experiments carried out and their findings and limitations will also help to identify the gaps in

this field of research.

Total World 0il Reserves

Conventional oil Heavy oil
30%

Figure 2-1. Total World oil reserves [15]

2.1 Asphaltene

2.1.1 Definition of asphaltene

Asphaltene is one of the four main constituents of crude oil. The term asphaltene were
introduced in 1837 by J.B. Boussingault as a final residue of bitumen distillation that dissolves
in turpentine and does not dissolve in alcohol [16]. The modern definition of asphaltene is

similar to the initial; they can be distinguished by their ability to dissolve in aromatic solvents
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(e.g., toluene) and precipitate in light paraffinic solvents (e.g., n-heptane and n-pentane).
Because the asphaltene fraction defines by its solubility properties, it is still challenging to
identify the specific composition of this heavy crude oil fraction [4]. However, at high
temperatures, it can decompose, forming carbonaceous residue. Asphaltene is constructed from
highly condensed polyaromatic and naphthenic rings, including heteroatoms (e.g., sulfur,
oxygen, nitrogen) and trace metals (Iron, vanadium, and nickel). It exists as a suspension

surrounded by resin in crude oil [17].

Due to the changes in temperature, pressure, and oil composition, the equilibrium
condition is shifted, and asphaltene has a trend to precipitate. Several conditions may promote
asphaltene precipitation—for example, gas-lift, miscible flooding, or acid performing. The
problems of asphaltene deposition cover all stages during production. Particles of asphaltene
adhere to the walls of the pipes, increasing pressure drop and decreasing the radius of pipes at
production facilities. Asphaltene particles start to precipitate when the pressure decreases to the
bubble point. They may cause problems not only at the production level but also plug the pores
in the reservoir, decreasing the relative permeability of oil and oil production rate in general.
However, with a strong flow, the forces acting on the asphaltene particles can exceed the
attraction to the walls. As a result, the deposited particles can be carried further by the flow
[18].

2.1.2 Molecular Composition of Asphaltene

When using n-pentane as a precipitant, it was reported that the hydrogen-to-carbon ratio of
asphaltene is almost the same, varying in a range between 1.15 + 0.5%, corresponding to the
carbon-to-hydrogen atomic ratio [19]. It shows that the hydrogen-to-carbon ratio varies in a
narrow range; this fact talks about a definite composition of unchanged asphaltene from crude
oil, even if there are many possible permutations using heteroatoms [19]. There is an opinion
that hydrocarbon solvents reinitiate the precipitation of asphaltene not only because of the

solubility properties but also because of the specific constant composition of asphaltene [19].

Dickie et al. reported that asphaltene contains hydrogen and carbon molecules that
construct fused and naphthenic rings and some naphthenic chains. As mentioned before, except
for hydrocarbons, they are composed of low concentrations of heteroatoms (oxygen, nitrogen,
sulfur) and trace metals (nickel and vanadium) [20]. Rogel et al. observed that the fractions

with lower solubility contain more aromatic hydrocarbons and heteroatoms while the ratio of
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hydrogen to carbon decreases [21]. The most polar fractions have high concentrations of
vanadium and nickel. A high hydrogen deficiency and uneven components distribution lead to
asphaltene’s instability. In addition, they compared the fractionated asphaltene from the oil field
with asphaltene extracted from the same crude oil by n-heptane. Investigations concluded that
asphaltene extracted by heptane are not the best way for kinetic/thermodynamic modeling of
asphaltene precipitation because, according to the results, heptane asphaltene had higher
solubility and lower aromaticity compared to asphaltene from the deposit [21]. Furthermore,
deposit asphaltenes comprise more oxygen-containing species and fewer nitrogen-containing

species than heptane asphaltenes [21].

According to research, the dominant sulfur in asphaltene is thiophene, followed by
sulfide. Asphaltene contains aromatic nitrogen in pyrrolic and pyridine forms [20]. Oxygen in
asphaltene is mainly present as a phenolic hydroxyl group. The high oxygen content
compensates for the low aromaticity. Vanadium and nickel present significant difficulties since
they are in a highly aromatic, polar asphaltene fraction. Heteroatoms in the form of polar groups
upset the balance of charge density. For example, sulfur atoms increase the degree of
condensation, and the size of asphaltene can increase due to sulfide bridging. Nitrogen and

oxygen atoms are responsible for hydrogen bond acceptor and donor forms [20].

The molecular weight of asphaltene is a property that is difficult to estimate accurately.
First, asphaltene contains molecules of metals, hetero-elements, and hydrocarbons, which, in
turn, are found in various compounds (cyclic, double bonds). Consequently, the molecular
weight of 2 bonds differs from cyclic ones, which creates certain difficulties in calculating the
concentration of constituent substances, their types of bonds, and molecular weight. Second,
self-aggregate is another reason that causes complexity in molecular weight calculation.
Asphaltene molecules can combine to form long chains of monomers, thereby increasing the

molecular weight. Nanoaggregates are formed from six to eight asphaltene molecules [22].

Molina et al. stated that monomers’ molecular weight varies from 500 g/mol to 1,000
g/mol [23]. Yarranton et al. reported that molecular weight for asphaltene aggregation is about
3,000 g/mol to 10,000 g/mol depending on the sample, sometimes reaching 50,000 g/mol [24].
Therefore, it can be concluded that molecular weight is not the best property to identify
asphaltene. Molecular mass increases with decreasing temperature and aromaticity of solvent;

asphaltene start to aggregate more intensively with the rise of their concentration [25].
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2.1.3 Asphaltene architecture

The structure of asphaltene has been causing questions and conflicting opinions for many years.
However, knowing that asphaltene contains alkyl and aromatic functional groups. Two
structural models of asphaltenes have been proposed: island and archipelago [26]. The island
or “continental” asphalting model is represented in Figure 2-2a, where aromatic rings condense
together and form a fused aromatic core surrounded by alkyl chains. This model was proposed
by Yen and other scientists in the 1960s using the X-ray diffraction method [27]. Figure 2-2b
illustrates the “archipelago” model, where the asphaltene contains more than one aromatic core
connected by aliphatic bridges [28]. The main issue is which of the model dominant in the
asphaltene structure. Molecular imaging techniques and fluorescence depolarization confirm

the hypothesis about the domination of the asphaltene island structure.

Island Model Compound Archipelago Model Compound

Figure 2-2. Examples of asphaltene’s architecture: island (a) and archipelago (b) [29]

2.1.4 Asphaltene phase behavior

Leontaritis noted that asphaltene start to precipitate when the flowing pressure in the wellbore
decreases below a certain point pressure [17]. Leontaritis and Mansoori observed that
asphaltene cease to deposit when the pressure increases above the bubble point [30] and that
the asphaltene precipitation depends on the pressure changes. Moreover, Leontaritis was found
at high oil production rates. The well’s initial pressure (Po) is lower than at lower rates [17].
Subsequently, the pressure of asphaltene precipitation depends on the temperature, and

asphaltene phase behavior is a function of pressure and temperature.

Asphaltene deposition envelope (ADE) is the disposition of thermodynamic points on a
phase diagram where asphaltene starts to flocculate. It can be seen from Figure 2-3 that there is

no critical point for the asphaltene’s phase envelope. For asphaltene, this point does not exist.
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Because to have a critical point reservoir, the fluid should have dew and bubble points;
however, asphaltene do not tend to vaporize. This point is the main difference between
asphaltene and black oil reservoirs. The Asphaltene deposition envelope represents the bubble
point line, ADE’s lower and upper boundary. Above the ADE upper boundary, only liquid is
usually under reservoir conditions. In the region between the bubble point line and ADE upper
boundary, there is a presence of liquid and asphaltene phases. The region between the bubble
point line and the ADE lower boundary has 3 phases: liquid, vapor, and asphaltene. Some
asphaltene molecules tend to flocculate irreversibly. For example, when the asphaltene passes
through the upper boundary due to production, they will not return to stable suspension,
changing the thermodynamic way. It is impossible to determine the lower boundary for

asphaltene because asphaltene will not cross this line [17].
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Figure 2-3 A typical P-T asphaltene’s deposition envelope [17].
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2.1.5 Asphaltene aggregation

To describe the process of asphaltene precipitation, it is necessary to understand the structure
of crude oil and how the main fractions of petroleum are connected. Figure 2-4 illustrates how
saturated aromatic, resin, and asphaltene (SARA) fractions interact. Through heteroatoms,
using hydrogen bonding, resin is attached to asphaltene molecules surrounding them. They are
creating a polar part of petroleum. Aromatic and saturated hydrocarbons are the non-polar part
of the oil. However, the presence of paraffin in resin composition makes it possible to be present
in the non-polar part of crude oil. Aromatic fractions can dissolve heavy fractions of resin and

asphaltene [5].

Saturate 5 Aromatic He Si0 ."'ﬁ]'rh altene
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Figure 2-4. A simplified view of crude oil fractions [31]

Asphaltene aggregation can be explained using the Yen-Mullins or supramolecular
models [32], [33]. Figure 2-5 illustrates a simple Yen-Mullins model that describes the
asphaltene aggregation process. In the first stage, due to n- 7 interactions, aromatic cores of 6-
9 molecules stack together, creating a nano-aggregate with a size of 2-3 nm [34]. In the second
stage, when equilibrium conditions change, approximately ten nano-aggregates tend to form a
5-10 nm size cluster. Moreover, the weak nuclear forces between the aliphatic side-chain
contribute to cluster formation [35]. In the third stage, the flocculation stage occurs because
clusters of asphaltene is unstable and start precipitating [36]. Asphaltene self-association tends
to have the exact mechanism of micelle formation from surfactants. Mullins et al. explored
different ways to determine a “critical cluster concentration.” However, the main limitation is
that asphaltene structure is not the same as surfactants causing troubles with experiments and
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results. Figure 2-6 illustrates the growth of asphaltene aggregation due to its concentration. As

the asphaltene concentration reaches the “critical cluster concentration,” asphaltene aggregate.

Asphaltene Molecule

Asphaltene CLUSTERS
Nanoaggregate of Asphaltene
MNanoaggregates

Figure 2-5. Yen-Mullins model of asphaltene aggregation [33]

Figure 2-6. Representation of growth of asphaltene aggregation; (a) asphaltene and (b) aggregates [37]
2.1.6 Factors affecting the asphaltene aggregation process

Asphaltene molecules begin to aggregate and deposit when the equilibrium conditions are
shifted. Various factors provoke asphaltene, creating unstable conditions and forcing them to

deposit. This section will discuss factors that may affect asphaltene depositions and increase

their rates, such as pressure, temperature, and composition of crude oil.
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2.1.6.1 Effect of crude oil composition on asphaltene aggregation

The system is in equilibrium when resin and asphaltene are soluble in crude oil. However, this
equilibrium can shift when adding substances with different compositions and structures. For
example, to reduce viscosity, saturated hydrocarbons are added to the oil solution, which shifts
the thermodynamic equilibrium, changing the properties of the oil. The resin, in turn, try to
detach from the surface of the asphaltene by passing into the non-polar part of the oil, trying to
restore balance. The similar process when after desorption of resin, molecules of asphaltene
overcome Brownian motions and create high-weight nano-aggregates that start to deposit is
demonstrated on Figure 2-7 [38]. The precipitated asphaltene depends on the composition and
amount of solvent in crude oil. Figure 2-8 shows how asphaltene precipitation relates to the
carbon number of added solvents. Short titrants with less carbon number contribute to the
intensive deposition of asphaltene and resin [39]. While long n-alkanes contribute to low

amount of dry precipitated asphaltene without resin.
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Figure 2-7. Schematic of asphaltene flocculation mechanism due to titration with n-Cs [5]
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Figure 2-8. Effect of paraffinic Titrant carbon number on the number of precipitated asphaltene [5]

The stability of asphaltene can be evaluated quantitatively by Colloidal Instability Index
(CII), which is based on interactions between SARA fractions [40]. Loeber et al. (1988) created
a formula to define the stability of asphaltene (see Equation 2-1)[41]. Ashoori et al. (2016)
reported that if CII is less than 0.7, then asphaltene is stable. On the other hand, if the CII value
is higher than 0.9, then unstable conditions present in crude oil and asphaltene molecules tends

to precipitate [15]:

asphaltene [wt%]+saturates [wt%]

Cll = Equation 2-1

resin [wt%]+aromatics [wt%]

Asphaltene can behave differently at different production stages. For example, light
fractions leave crude oil at primary production due to natural depletion, increasing density. As
a result, the rate of asphaltene aggregation decreases. However, during secondary and tertiary
recovery, this rate may increase significantly. It depends on applied EOR methods. For
example, if the miscible gas injection is used, oil becomes rich with light substances, and

asphaltene flocculation rises [42].
2.1.6.2 Effect of pressure on asphaltene aggregation

Different fractions of crude oil have different compressibility properties. As illustrated in Figure
2-9, as pressure declines during production and its values become near the saturation pressure,
the molar volume of light hydrocarbons increases significantly. In contrast, the volume of

asphaltene does not change rapidly [5]. As pressure drops, asphaltene can precipitate due to the
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destabilization of micro colloids. Crude oil is very sensitive to asphaltene precipitation under
pressure. Usually, the reservoir pressure is much higher than the bubble pressure, and crude oil
cannot extract gas up to a high-pressure drop. From the moment that gas begins to evolve from
the oil sphere, asphaltene begins to stabilize because the solvating ability of oil increases with
a decrease in the concentration of light hydrocarbons in the liquid phase. In addition, oil
containing asphaltene can compress, followed by a decrease in pressure, and the dielectric
constant decreases [43]. The solvating ability of oil is associated with a decrease in pressure;
therefore, the physical and chemical properties of the oil can vary depending on the pressure.
For example, in 1965, in Hassi Messaoud’s field, it was reported that at a pressure lower than
the bubble p, point problems with asphaltene deposition disappeared [44]. It can be explained
by the fact that light fractions of oil competed at bubble point pressure for the solvency change
phase from liquid to gas [44].

Partial molar volumes increase Partial molar volumes increase
dramatically as pressure is lowered slightly as pressure is lowered
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Figure 2-9. Effect of pressure on the partial molar volume of petroleum components [5]
2.1.6.3 Effect of temperature on asphaltene aggregation

The temperature may affect the deposition of asphaltene from different sides. Firstly,
temperature influences oil composition as light fractions expand and oil solubility decreases.
Hence, asphaltene aggregates more intensively as they become less soluble in oil. Secondly, oil
viscosity becomes lower at high temperatures, which may accelerate the deposition of
asphaltene. Thirdly, with temperature increase, the solubility of asphaltene increases [45].
Considering all factors, it can be concluded that asphaltene tends to precipitate at high

temperatures but not in big portions.
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2.1.6.4 Effect of aqueous phase on asphaltene aggregation.

Another factor that may affect the stability of asphaltene is the presence of water in the reservoir
[40]. Usually, brine is used for the completion and injection stages, and formation water
contains salts with differently charged particles, so they can interact with some substances that
compose asphaltene. Some formation water or brine droplets are presented with asphaltene in
an emulsion phase. Asphaltene particles can be attracted to the interface because of hydrogen
bonds between water and nitrogen/ oxygen-containing groups of asphaltene. The presence of
heteroatoms in asphaltene can change the aquaphobic property of asphaltene to hydrophilic.
Such a change can occur when heteroatoms interact with water molecules, forming hydrogen
bonds. In addition, the rate of asphaltene aggregation can be reduced due to sodium chloride in
the aqueous phase. According to studies, the amount of asphaltene migrating to the interface

depends on the composition of the aqueous phase [20].

2.1.7 Asphaltene precipitation/deposition reversibility

Hammami et al. discovered that asphaltene can re-dissolve in crude oil at a pressure higher than
the bubble-point pressure [46]. Andersen used a gravimetric method to study the reversibility
of asphaltene precipitation using a mixture of toluene and n-heptane as the solvent [46].
Asphaltene precipitation was first measured by adding a mixture of toluene and n-heptane to
crude oil. The resulting asphaltene precipitate was then dissolved in the same mixture, and the
asphaltene dissolution was measured. It turned out that during precipitation, the number of
precipitated asphaltene was higher than during dissolution, as a result of which a hysteresis
curve appeared. Despite this, the experiment’s results cannot fully reflect the reversibility of
asphaltene precipitation since crude oil was used for precipitation, and only asphaltene obtained
during precipitation were used for dissolution [47]. In their research, Clarke and Pruden noted
the difference between true potency and methods for redissolving asphaltene in aromatic
solutions. They conducted experiments at constant temperature by adding and removing n-
heptane. It turned out that the asphaltene redissolved in the crude oil as the n-heptane was
removed. However, a hysteresis curve appeared, indicating that the dissolution of asphaltene
did not follow the same deposition trajectory. It has been suggested that the aggregation process
is faster than the asphaltene segregation process [48]. Complete reversibility of asphaltene
precipitation is possible when the solution is treated with ultrasound for several hours. It has

also been reported that partial reversibility occurs even after 24 hours [49].
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2.2 Nanotechnology

Nanotechnology is a rapidly developing field that involves investigation, manipulation, and
functionalization of matter at the nanoscale, which is roughly one billionth of a meter in size
[50]. Nanotechnology organizes both living things and artificial systems’ atoms and molecules
at the first level. All systems’ characteristics and capabilities are defined here. The development
of precise molecular-scale machines and components is promised by nanotechnology. A greater
surface area, higher reactivity, and enhanced mechanical, electrical, and optical properties are
just a few examples of the distinctive properties that materials display at this scale that are
absent at larger scales [51]. Nanotechnology has much potential for use in various fields,

including electronics, medicine, energy, and the environment [52]-[55].

2.2.1 Nanoparticles

Compared to corresponding bulk counterparts, NPs have improved physical, chemical, and
biological properties that are unique [56]. Therefore, they can be combined with other materials
to create unique functionalization with uses other than their behavior [57]. Thus, in the physics
of composites, NPs are promising candidates for integration into appropriate matrices to form
high-performance composite materials [58]. Thus, the key characteristics of both the carrier and
the NPs are mixed. Therefore, individual properties of NPs require a comprehensive study to
extract the maximum benefit in research and innovative research. Khan and Hossain [51] stated
that the three significant interrelated physical characteristics lead to the distinctive
characteristics of NPs. First, because NPs possess a remarkably substantial specific surface area
(to area-to-volume ratio), they are highly susceptible to electronic activity and external
influences. Second, they move around a lot, both in free states and in porous media. Finally,
NPs show a quantum effect because their size is similar to the wavelength of the electron wave
function. NPs can be classified according to their origin, dimension, and chemical composition

[51].

2.2.2 Nanoparticles in the oil and gas industry

Nanoparticles have gained attention as potential additives in petroleum engineering due to their
unique physicochemical properties. Various studies have explored the application of metal
oxide, silica, and other NPs in enhanced oil recovery (EOR), flow assurance, drilling fluids,
and cementing materials. Nanoparticles or nano-sized particles possess various unique

qualities, including a huge surface area and the potential for surface functionalization. In
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addition, they offer various properties depending on the composition, synthesis technique, size,
and surface structure. The selective adsorption of undesirable components from liquid streams
is one of several [59] applications made possible by NPs' physicochemical affinity for particular
surfaces. For example, NPs with a surface affinity for asphaltene and the capacity to be present
at the oil-water interface are needed to demulsify stable crude oil emulsions successfully.
Another strategy involves creating nanocomposites or irreversibly bonding functional NPs to a
carrier matrix. Due to the interaction of NPs with the matrix, nanocomposites have higher

mechanical stability, are more easily manufactured, and offer some advantages over NPs [59].

Nanoparticles have gained widespread attention and found use in oil and gas fields due
to their distinctive physical and chemical properties. The petroleum industry uses silica (SiO2)
[60] and metal oxides such as magnesium oxide (MgO) [61], [62], alumina (Al203)[62],
titanium dioxide (TiOz2) [63], [64], and iron oxide (Fe203) [65], [66] most frequently. Drilling
[67], [68], exploration [69], completion [70], enhanced production [60], [71], and stimulation
techniques[72] all make use of materials based on nanotechnology. They are suitable for
regulating subtle instability and migration and can control formation damage, reducing

wellbore risk.

Ehtesabi et al. discovered that adding TiO2 NPs to hydrophobic sandstones boosted oil
recovery by 80% [73]. At the same time, Shah looked at the effectiveness of employing CuO
NPs for oil recovery. The findings show that CuO NPs boost oil recovery by 71% [74].
Furthermore, oil recovery by using nanofluids containing modified carbon NPs were
investigated by Kang et al. They discovered that carbon-based fluorescent NPs boosted oil
recovery in carbonate reserves by more than 96% [74], [75]. Finally, to restore formation
damaged by asphaltene deposition under static conditions, Lopez et al. studied ALO:3
nanomaterials [76]. They concluded that asphaltene self-association, which could precipitate
and deposit in the porous system due to the neutralization of polar forces from asphaltene
affinity, could be prevented by the interaction of the nanoparticle with asphaltene [77]. Iron
oxide NPs, conversely, can remove asphaltene deposits in porous media, according to a study

by Parsaei et al. [78].

2.2.3 Mechanism of inhibition of asphaltene precipitation using nanoparticles.

One of the ways to remove asphaltene is to use their adsorption phenomenon as a benefit. Nassar

et al. reported that asphaltene can be adsorbed on the surfaces of metal oxide NPs [79]. The
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presence of NPs prevents the coalescence of asphaltene particles and the formation of larger
molecules. It adsorbs the asphaltene particles on its surface, disaggregating high-weighted
molecules. In addition, the absorption of asphaltene by NPs prevents the accumulation of
asphaltene on the surface of a porous medium, but it cannot completely prevent these
accumulations. By removing asphaltene from oil, NPs also reduce viscosity and interfacial
tension, which can change rock wettability and change permeability. Such nano-sized particles
usually have a high absorbing capacity and catalytic activity. Nanoparticles have two main
functions, catalytic and thermal [80]. The catalytic feature of NPs makes it possible to improve
oil mobility and prevent the aggregation and precipitation of asphaltene due to their high
absorption capacity. The thermal function of the NPs facilitates the removal of asphaltene from

heavy oils by catalytic removal [80].

The ways by which asphaltene disaggregates when it is exposed to NPs are shown in
Figure 2-10. Typically, aliphatic and aromatic molecules make up the molecular structure of
asphaltene. The aliphatic segment contains alkyl chains of various lengths, with the first area
encircled by the second. The aromatic component is a polynuclear aromatic moiety. The H-
bond interactions between the aromatic structures cause the attraction of the asphaltene
molecules. On the other hand, aliphatic chains attract aromatic sheets to one another. It suggests
that the existence of polar and nonpolar groups facilitates their amphiphilic nature and self-
association. Asphaltene often adsorb onto solid surfaces as single molecules or colloidal
aggregates of different sizes due to their carboxylic and phenolic acid groups. The principal
functional groups of asphaltene, such as carbonyl, pyrrolic, pyridinic, sulfite, and Thiophene
interact with the functional groups of the NPs and increase the preferential adsorption of the
asphaltene over NPs [81]. Typically, aliphatic and aromatic molecules make up the molecular
structure of asphaltene. The aliphatic segment contains alkyl chains of various lengths, with the
first area encircled by the second. The aromatic component is a polynuclear aromatic moiety.
The H-bond interactions between the aromatic structures cause the attraction of the asphaltene
molecules. On the other hand, aliphatic chains attract aromatic sheets to one another. It suggests
that the existence of polar and nonpolar groups facilitates their amphiphilic character and self-

association [81].
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Figure 2-10. Asphaltene disaggregation by NPs [81]

2.2.4 Nanoparticles as inhibitors of asphaltene precipitation

Nanoparticles proved to be suitable asphaltene precipitation inhibitors. Due to their catalytic
capacity, they have a significant potential for selectively enriching adsorbed asphaltene [82].
The high adsorption capacity and fast kinetics of NPs can be attributed to their great surface
area [83]. First, Setoodeh et al. [84] confirmed that NPs are effective and eco-friendly. Then,
Nassar et al. studied asphaltene adsorption from the Athabasca oil field using alumina NPs in
2010 [12]. They concluded that Al2O3 NPs adsorb asphaltene quickly reaching equilibrium in
less than 2 hours. After that, in 2011, Nassar et al. investigated the effect of alumina particle
size on asphaltene adsorption [12]. Al203 NPs less than 50 nm in size adsorb asphaltene more
than the 50-200 um AlOs3 particles. Furthermore, alumina NPs fit the Langmuir model by
having a monolayer asphaltene adsorption, while alumina microparticles better-fit multilayer
adsorption. Another research work conducted by Shayan and Mirzayi [11] on Maghemite (y-
Fe203) and hematite (Fe203) nano-inhibitor for asphaltene precipitation. As a result, due to the
small size, high surface area, and acidity of Maghemite, it has a higher adsorption capacity than
hematite, 108.1 mg/g and 45.8 mg/g, respectively. Additionally, Nassar et al. confirmed that
iron oxide (IIT) NPs are a great adsorbent for removing asphaltene, dramatically decreasing the

oxidation temperature of asphaltene [85].
2.2.4.1 SiO: as a part of nanocomposite

Nanoparticles play the role of not only inhibitors but also displacing agents since, with the

introduction of particles, the volume of the injected fluid increases, displacing more and more
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oil. According to Betancur et al., silica NPs increase oil recovery due to strong acidity [86].
Due to its distinct properties, silicon dioxide, also known as SiO2, is a commonly used
nanomaterial in the nanocomposite. It is a naturally occurring mineral found in sand, quartz,

and opal, among other forms.

Silica NPs have a wide range of applications. For example, Rayeni et al. investigated
interfacial tension (IFT) reduction and wettability improvement when adding SiO: to the oil
[87]. Similarly, Ahmadi et al. concluded that nano SiO2 could improve oil recovery by
decreasing the IFT between oil and water [88]. SiO2 NPs also have a high surface area-to-
volume ratio, which makes them powerful asphaltene molecule adsorbents. The NPs can adsorb
the asphaltene, preventing their deposition on the pipeline walls. This mechanism is beneficial
in locations where asphaltene tends to deposit and fluid velocity is low. Furthermore, according
to Alemi et al., SiO2 NPs positively affect the beginning of asphaltene precipitation, increasing
AOP [89]. Besides this, SiO2 NPs are a powerful addition to nanocomposite materials that can
stop asphaltene from depositing in oil and gas pipelines. There are several studies where SiO2
was added to nanocomposite with iron oxide (Fe203) [89], cobalt oxide (Co304) [90], cardanol
[76], calcium carbonate (CaCQO3) [91], zinc oxide (ZnO) [92]. SiO2 can be considered a
desirable candidate for creating anti-asphaltene nanocomposites due to its distinctive properties,

dispersant, and adsorbent qualities.
2.2.4.2 TiO: as a part of nanocomposite

Titanium dioxide performs a crucial role in asphaltene adsorption. Nassar et al. [93] in 2011
compared six metal oxide NPs, Co304, Fe3Os, MgO, CaO, TiO2, and NiO; among them,
titanium dioxide has the highest surface area of 183 m?/g from BET measurements and particle
size of less than 25 nm. In 2014 Nassar, Natan, and Vitale studied the asphaltene adsorption
onto TiO2, ZrO2, and CeO2 [64]. They also measured the surface area from BET, and particle
sizes were 183 m?/g and 8 nm, respectively. So, TiO2 NPs have a high surface area and small
particle size; as a result, the surface area-to-volume ratio of titanium dioxide NPs is very high,
making them suitable for adsorbing asphaltene molecules. In addition, several studies indicate
the positive effect of combining titanium dioxide with silica NPs. For example, Mohammadi et
al. investigated nanofluid of 80 wt% of TiO2 and 20 wt% of SiO2 [94]; they reported that TiO2

contributed more to increasing asphaltene onset point rather than silica NPs.
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2.2.4.3 Fes304 as a part of nanocomposite

Iron oxide (III) is a naturally occurring mineral compound that has been reported to have
potential as an asphaltene deposition nano-inhibitor. Therefore, studies were performed to
investigate whether iron oxide NPs could improve asphaltene adsorption. Studies have shown
that iron oxide (III) NPs can effectively inhibit asphaltene deposition under various conditions.
For example, in a study conducted by Ansari et al., magnetite and hematite NPs adsorb
asphaltene better than dolomite and calcite NPs [95]. At the same time, Kazemzadeh et al.
reported that a higher mass fraction of FesOs4 NPs enhanced the performance of the tried
solutions in stopping precipitation of asphaltene [96]. Furthermore, the effectiveness of iron
oxide (IIT) NPs as asphaltene deposition nano-inhibitors can be improved by modifying the
surface of the NPs with various functional groups. In addition, Setoodeh et al. compared the
uncoated and polythiophene-coated Fe3sOs NPs [97]. As a result, Fe3O4-PT and Fe3O4 MNPs
had average adsorption efficiencies of 78.98 and 65.94%, respectively. By analogy with a
solution of synthetic asphaltene in toluene, the experiments on crude oil demonstrated that

Fe304-PT MNPs could adsorb asphaltene from crude oil.
2.2.4.4 Bentonite and thiazine as parts of nanocomposite

Clays, called bentonites, are found in large quantities in deposits worldwide. Their properties
are ultimately determined by montmorillonite, the primary clay mineral in their makeup. It was
possible to create nanocomposites with enhanced mechanical, thermal, and hydrophobic
properties for various applications in food technology, pharmaceuticals, packaging, coatings,
etc., by adding bentonite to polymer matrices [98]-[100]. In the ring structure of the
heterocyclic compound thiazine, there are sulfur and nitrogen atoms. Organic compounds
known as thiazine derivatives are created by changing the structure of thiazine [101]. It has
been reported that thiazine derivatives, including methylene blue and toluidine blue, can
effectively stabilize and reduce metal oxides [102]. Because of their interactions with the metal
ions on the surface of metal oxide particles, these substances can create stable bonds that stop
further oxidation and aggregation. Thiazine also may act as a stabilizing agent preventing NPs

to precipitate in the solution.
2.2.5 Asphaltene adsorption

The asphaltene adsorption phenomenon at the borders of liquid-liquid and solid-liquid

interfaces leads to undesirable issues during the production and transportation stages.
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Asphaltene may affect the wettability of reservoir rock [103] and aggregation of asphaltene can
occur due to attractive forces during the interaction of asphaltene with various surfaces.
Therefore, the adsorption of asphaltene can be seen as a negative phenomenon, but at the same
time, this phenomenon can be used as a selective removal of asphaltene from 0il[82]. The use
of asphaltene adsorption as an oil treatment makes it possible to obtain a product with a lower
probability of precipitation and a decrease in coke yield while increasing the amount of liquid

coming out [104].
2.2.5.1 Asphaltene adsorption on metals

The adsorption capacity of asphaltene on metal surfaces has a similar trend as on minerals.
Stainless steel is the main component of pipelines, the highest adsorption of asphaltene (2.7
mg/m?) is observed on it, the lowest adsorption of 0.25 mg/m? is observed for aluminum, iron
has an average adsorption capacity of 1.35 mg/m2 [82]. Alboudwarej, H. et al., using scanning
electron microscopy, reported that adsorption capacity varies for metals due to the differences

in their surface morphology [105].

According to the studies of Gonzales et al., asphaltene adsorption isotherms follow the
Langmuir model, where the adhesion of asphaltene molecules forms the monolayer on the
porous media of reservoir rock. In addition, its maximum capacity is 1-2 mg/m? [105].
However, some investigations showed multi-layer adsorption in the formation [106]. Based on
the general shape of the isotherm, many scientists concluded the type of adsorption of
asphaltene. When Marczewski and Szymula insisted that asphaltene adsorption does not
everywhere follow the Langmuir behavioral model [107], indeed, there is evidence that
asphaltene adsorption for some mineral surfaces is type 1. Still, these same asphaltene may have
a more complex multilayer adsorption process on other surfaces. This suggests that the
adsorption of asphaltene is affected not only by their origin but also by the surface on which

they are adsorbed.
2.2.5.2 Asphaltene Adsorption on metal oxides

Metal oxide NPs are becoming more popular because they can catalyze activity to enhance
adsorption asphaltene [77], [108]. It has been shown that the catalytic steam cracking of
asphaltene adsorbing to metal oxide NPs is comparatively mild. Furthermore, it has been proven

that the NPs' adsorption capacity and the catalysts' activity are related. Nassar concluded that
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the adsorption of asphaltene could be as single molecules or colloidal aggregates with different

sizes if there are phenolic or carboxylic weak acids in the composition of asphaltene [79].

Considering the adsorption of asphaltene on the surfaces of various metal oxides, it is
worth paying attention to iron oxide because it is often found at various stages of oil production.
Iron oxide can form in pipelines and refinery stages due to corrosion [82]. It has been studied
that the presence of iron oxide can increase the amount of adsorbed asphaltene. Dubey &
Waxman concluded that iron-free chlorite adsorbs three times less asphaltene on its surface
than iron-containing chlorite [109]. Adams cited Alvarez-Ramirez et al. work, where they
reported that Fe2O3 may attract aromatic parts of asphaltene [82]. The adsorption properties of
metal oxides can be improved by impregnation with other metal oxides. Faus et al. studied the
adsorption capacity of aluminum oxide with the deposition of molybdenum and cobalt on its
surface [110]. It turned out that the number of porphyrins adsorbed on the surface of
CoMoAILOs was greater than on the surface of conventional metal oxides [110]. Adams cited
Xing et al. that the adsorption capacity of the adsorbent has a strong relationship with the acidity
of the surface of metal oxides. The higher the acidity, the more asphaltene can be adsorbed on
the surface of the oxide. For example, the adsorption capacity for iron oxide and nickel oxide

is 1.1 and 0.6 mg/m? relative [82].

Asphaltene adsorption on the surface of metal oxides can be affected by several
parameters demonstrated in Figure 2-11, such as the properties of metal oxide NPs and
asphaltene and external factors. The acidity and basicity of the surface of metal oxides strongly
affects asphaltene adsorption and it is considered as the main mechanism due to acid-base
interactions. Nassar et al. investigated the adsorption properties of basic (CaO, MgO),
amphoteric (Fe3O4, Co304), and acid (NiO, TiO2) metal oxides. They reported that acid oxides'
adsorption affinity was greater, whereas basic and amphoteric demonstrated higher adsorption
capacity. It means that adsorption affinity cannot be correlated with adsorption capacity
according to the acidity and basicity of metal oxides [79]. Betancur et al. concluded that the
amount of adsorbed asphaltene could be correlated with surface acidity. They treated the SiO2
NPs with different acid, base, and neutral approaches and reported that the highest adsorption
capacity is directly related to the highest surface acidity of NPs [86]. Therefore, the NPs’
surface area and size may contribute to asphaltene adsorption. Olaitan et al. investigated that

nickel oxide (NiO) NPs had more adsorption affinity than iron and cobalt oxides (Fe3Os4 and
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Co304, respectively). Because NiO has a larger surface area than Fe3Os4 and Co304, so it has

higher adsorption efficiency [111].

Parameters affecting asphaltene adsorption onto metal oxides NPs

Properties of metal oxides Asphaltene propeties External factors
NPs Molecular composition Solvents for asphaltene

Surface acidity&basicity Molecular weight extraction
Structural properties functional group pH effect
Surface area Polarity Effect of water
Particle size Aromaticity aggregation Effect of temperature
Initial concentration of NPs Effect of pressure
Commercial or in situ Continuous vs batch
preparation experiments

Figure 2-11. Parameters affecting asphaltene adsorption onto metal oxides NPs

2.2.6 Factors affecting asphaltene adsorption

Sorbents come in many forms, including clay minerals, rock minerals, silica, alumina, glass,
metals, metal oxides, carbon, and, more recently, polymers. The adsorption capacity for many
materials was limited to under 4 mg/m?, and at low concentrations or for surfaces with a very
poor affinity for asphaltene; the adsorption capacities could be below 0.2 mg/m? [112]. Simple
adsorption isotherms were observed for asphaltene solutions with the nanoaggregate
concentration, around 3,000-5,000 mg/L or less (in suitable solvents such as aromatics, CH2Cl2,
CS2, etc.). Above the 3,000 mg/L cutoff (and in weak solvents such as heptane toluene
mixtures), multilayer formation is frequent. Depending on the level of asphaltene aggregation,
several adsorption regimes can take place, with adsorption levels reaching 100 mg/m? feasible

[107].

Saturated hydrocarbons, aromatic hydrocarbons, and resin that make up crude oil have
different chemical and physical properties that can affect the rate of asphaltene aggregation and,
consequently, the adsorption process [82]. According to previous studies, the adsorption of
isolated asphaltene was almost the same compared to the adsorption of whole crude oil. This
conclusion shows that asphaltene mostly affect the adsorption behavior of crude oil [113].
Studies show that when combining resin and asphaltene, the adsorption layer becomes larger.

This may be due to the introduction of resin into the aggregates and their swelling [114]. It has
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been suggested that resin can limit asphaltene surfaces to form into a denser structure [114].
Temperature is another factor affecting asphaltene adsorption. The size of aggregates adsorbed
onto surfaces is proportional to the temperature dependency on aggregate size in asphaltene
solutions: increasing the temperature decreases adsorption [115]. Other researchers have

reported that adsorption reduces or is unchanged as the temperature rises.

Aromaticity is another factor that may affect asphaltene adsorption. The high solvent
concentration decreases the size of asphaltene, and consequently, the number of adsorbed
materials reduces [49]. Nevertheless, some studies contradict those results. For example, saint
et al. showed a comparatively low rate of asphaltene adsorption in pyridine solvent, whereas,
in toluene, it was much higher [50]. Water in reservoir rock can also decrease the adsorption of
asphaltene as it may compete with asphaltene for the adsorption on the rock surface. As the

concentration of water increases, the adsorption of asphaltene decreases at the same time [51].

2.3 Evaluation of the performance of nanocomposite as nano-inhibitors

2.3.1 Adsorption isotherms
2.3.1.1 [TUPAC classification of adsorption isotherms

The process of asphaltene adsorption is investigated using adsorption isotherm models. The
graphs represent the relationship between the amount of adsorbed substance and relative
pressure at a constant temperature. The [IUPAC adsorption isotherm classification is based on
nitrogen adsorption in solids. Nitrogen fills the pores of solids and begins to adsorb on them.
The proposed adsorption isotherms can reflect the behavior of various liquids concerning solids.
Figure 2-12 illustrates the classification of adsorption isotherms according to UIPAC. Type one
characterizes the formation of a monolayer on the adsorbent's surface and the process's
reversibility. Types a and b differ from each other in the pore size of the adsorbent. Type 1a is
characterized by pores smaller than 1 nm, while type 1b characterizes adsorbent pores larger
than 2.5 nm. Type 2 of the reversible isotherm demonstrates gas adsorption on materials with
large or no pores. Type 2 differs from the first one in that the linear section gradually transforms
into a curved line, which indicates the beginning of multilayer adsorption. Isotherm 3 shows
that the interaction forces between adsorbent and adsorbate become weaker, and the adsorbed
molecules begin to cluster. Type 4 isotherm shows the process of adsorption in mesopores,
where monolayer and multilayer adsorption turns into pore condensation, i.e., the gas in the

pores begins to condense and turn into a liquid phase. The main feature of type 4 isotherm is
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the final saturation plateau of variable length. The isotherm itself is subdivided into two types,
which differ in the shape of the pores. Isotherm 4b is fully reversible; while, isotherm 4a is
accompanied by hysteresis. Isotherm type 5 is similar in shape to isotherm three at low relative
pressure; however, the pores fill up as the relative pressure increases. 6, the reversible isotherm

reflects layer-by-layer adsorption on non-porous surfaces of the material [116].
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Figure 2-12. IUPAC classification of adsorption isotherms [117]
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2.3.1.2 Adsorption isotherm models

Generally, there are two most common models of asphaltene adsorption mechanisms as
presented in Figure 2-16. Langmuir model represents the adsorption of asphaltene as a
monolayer onto a homogeneous material [12], [118], [119]. It assumes that adsorbate behaves
as an ideal gas. It shows the maximum amount of gas the surface can cover at specific pressure
and temperature [82]. The two-parameter Langmuir adsorption isotherms were initially created
to characterize gas-solid phase adsorption on a homogeneous surface [120]. The Langmuir

model is based on the theoretical equation as shown below [121]:

Q. = Q,, ff(—ic Equation 2-2

C 1 C
= = + = Equation 2-3
Qe QmKL Qm

where Q. is the ratio of adsorbed asphaltenes mass and the surface area of the
nanocomposite obtained from the BET analysis (mg/m?), C. is the equilibrium asphaltene
concentration of the supernatant solution (mg/L), Kv is the Langmuir constant, Qm is the
maximum amount of asphaltene adsorbed on the surface of nanocomposite (mg/m?). Figure 2-
13 depicts the Langmuir model, there is no a direct relationship between Qe and Ce from
Equation 2-2. After modification of Equation 2-2 to Equation 2-3 the direct relationship
between Ce/Qe vs Ce was established. The Figure 2-14 shows this relationship.
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ACo304
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Figure 2-13. Example of Langmuir model for asphaltene adsorption isotherm on the surface of

different NPs [93]
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Figure 2-14. Example of Langmuir adsorption isotherms [93]

The Freundlich model allows predicting the amount of adsorbed gas by a solid adsorbent
when changing pressure but at a constant temperature. In this case, only the pressure and
amount of gas change, while the mass of the adsorbent and the temperature are constant. The
adsorption isotherm model represents the non-uniform absorbance of asphaltene molecules.
The main difference between the two models is that the Freundlich adsorption isotherm model
is based on an empirical equation, whereas the Langmuir model is based on a theoretical

equation [82]. The equation described by the Freundlich model is represented below:
Q. = KzC;"" Equation 2—4
log(Q.) = log(K) + ~log(C.) Equation 2-5

where Kr and n are Freundlich constants. Qe and Ce have a logarithmic relationship for
the Freundlich isotherm model. Figure 2-15 shows the example of the Freundlich isotherm

model for asphaltene adsorption onto different NPs.
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Figure 2-15. Example of Freundlich adsorption isotherms [93]
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Figure 2-16. Main mechanisms of asphaltene adsorption [122]

2.3.2  UV-vis spectroscopy for asphaltene onset point (AOP) determination

Ultraviolet (UV) spectroscopy is a physical method of optical spectroscopy that uses light in
the visible, ultraviolet, and near-infrared ranges and is based on the Beer-Lambert law,
according to which the absorption of a solution is directly proportional to the concentration of
absorbing particles in the solution and the path length. Thus, for a fixed path length, it can be
used to determine the absorbent concentration in the solution. It is necessary to know how
quickly the absorbance changes with concentration. UV-visible spectroscopy has been widely
used over the past several decades and it has become the most important analytical tool in the

modern laboratory investigations [123].

UV spectroscopy is a powerful analytical technique used to investigate the presence of

chromophores in a sample. Chromophores are molecules that absorb light in the
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electromagnetic spectrum's ultraviolet (UV) region. Their presence can be used to determine
the onset point of asphaltene in a sample [123]. UV spectroscopy is a fast, accurate, and non-
destructive method for determining the onset point of asphaltene in crude oil. Asphaltene
molecules are heavy, complex molecules in crude oil and can cause numerous problems in oil
production and processing. The onset point of asphaltene refers to the concentration at which
these molecules start to precipitate out of the oil and form a solid phase. This onset point is an
essential parameter in oil production, as it can affect the stability and flow properties of the oil.
Beer-Lambert law expresses the relationship between the absorption, concentration, path

length, and extinction coefficient [124]:
A =é&lc Equation 2-6

where A is absorbance determined by UV spectroscopy, € is extinction coefficient, ¢ is
the concentration of absorbing chromophores, and 1 is the path length. According to the Beer—
Lambert law, the absorbance and concentration of the absorbing species are directly
proportional. Therefore, as soon as the deviation from Beer—Lambert law happens, asphaltene
precipitate and asphaltene onset point can be determined. For example, Tazikeh et al.
investigated the effect of coated iron oxide (III) NPs on AOP, determining the optimum
concentration of NPs [125]. In Figure 2-17, the deviation from the straight line begins at 38
vol% of n-heptane; this point is considered AOP in the absence of NPs. Figure 2-18 depicts
how AOP changes in the presence of different concentrations of NPs. The optimum
concentration is 0.1 wt% of NPs as it improves the AOP more than other concentrations.
Furthermore, AOP at the higher concentration of 0.5 wt% of NPs decreases compared to 0.1
wt% concentration. In another study by Shojaati et al. [126], UV spectroscopy was used to
assess three different nano-inhibitors at 0.01 and 0.1 wt% concentrations of NPs. The results
showed that 0.1 wt% concentration is more effective than 0.01 wt%, and alumina oxide

improves AOP better than nickel and iron oxide due to its acidic nature.
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Figure 2-17. Asphaltene onset point in the absence of NPs [125].
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Figure 2-18. Asphaltene onset point for 0.5 wt% synthetic oil with different NPs concentrations [125]

2.3.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a method used to study how a material changes weight
as it is heated under specific conditions. TGA works by measuring the weight of a sample at
different temperatures and times using a thermobalance device. This device has high sensitivity
and can detect weight changes as small as one microgram [127]. When the sample is heated in
an inert environment, TGA helps assess the material's thermal stability and identify weight
changes due to moisture loss and the breakdown of organic compounds. TGA can also be used
to understand how the material decomposes over time in an oxidizing or inert atmosphere. The
heating rate and sample size are important factors that influence the TGA curve, which shows
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how the material changes in weight over time. As the heating rate and sample size increase, the

temperature at which the sample decomposes also increases. Factors such as gas flow rate,

particle size, and packing can affect the reaction kinetics, so it is essential to keep these variables

constant when comparing the thermal stability of different materials [127]. For example,

Mahmoudi et al. used TGA to assess the thermal degradation of asphaltene in the absence and

presence of NPs [89]. Figure 2-19 shows that the maximum mass loss of asphaltene during

adsorption on the surface of NPs decreased by 100 degrees. The author explains this by the fact

that asphaltene molecules are adsorbed on the surface of NPs, having more available surface

for combustion, accelerating the process of asphaltene decomposition.
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Figure 2-19. TGA mass loss curves for pure asphaltene and asphaltene adsorbed onto the surface of

NPs [89].
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3 MATERIALS AND METHODS

This chapter details the materials, methodology of asphaltene extraction, techniques of
asphaltene characterization, inhibitor characterization, and evaluation to attain the objectives
and aim mentioned in Chapters 1 and 2. Then, all methods in Chapter 3 are explained and
described in detail along with the experimental setups and procedures of sample preparation

and conduction of the experiments.
3.1 Materials

3.1.1 Sample origin

A paraffinic heavy crude oil from West Kazakhstan was used to extract the asphaltene. The

SARA analysis results are presented in Table 2-1.

Table 3-1. SARA analysis of the crude oil.

SARA Content (Wt%)
Saturate 37.41
Aromatic 32.07
Resin 24.87
Asphaltene 5.65

3.1.2 Green synthesis of thiazine-Fe3;04-TiO2-SiOz-Bentonite NCs

Fifty grams of the dried powdered leaf of the Alocasia macrorrhiza was extracted using boiling
in 400 mL double distilled water for 40 minutes at 80°C. Then the obtained extract was filtered
and kept in refrigerator for further use. Two grams of FeCls.6H20, 4 g titanyl hydroxide
(TiO(OH)2), and 5 g of sodium metasilicate (Na2SiO3) were mixed with 100 ml Alocasia
macrorrhiza extract in a 250 ml beaker, at 80°C and pH ten under stirring. The stirring was
continued until the formation of a black precipitate was observed. The precipitate was separated
using filtration. It was then heated at 400°C and washed with hot distilled water to remove the
impurities and complete the oxidizing process for each nano fraction. Afterwards, the obtained
precipitate was mixed with 3 g of thiazine and 6 g bentonite in 200 mL Ethanol under reflux
condition for 8 h at 80°C to form the precipitation of thiazine-Fe304-TiO2-SiO2-Bentonite NCs

as can be separated using a simple magnet.
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Figure 3-1. Mechanism of nanocomposite synthesis

3.2 Methods
3.2.1 Asphaltene extraction

Asphaltene was extracted using IP143 (Heptane Insoluble) method depicted in Figure 3-1.
Crude oil was mixed with n-heptane in a 1:40 volume ratio for 4 hours using the digital magnetic
stirrer at 600 rpm. n-heptane created unstable conditions, and asphaltene started to precipitate.
Then the mixture was placed in a dark place overnight to let asphaltene precipitate at the bottom
of the beaker. After precipitating the asphaltene fraction, the filter paper Whatman #42

separated the precipitation from the mixture (see Figure 3-2). The Soxhlet extractor was used
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for asphaltene purification to eliminate possible oil components. Figure 3-3 represents simple
Soxhlet extractor n-heptane was added into the distillation flask, and the separated asphaltene
fraction was put into the extractor. The heat source set the temperature of the boiling point of
n-heptane at about 100°C. When the n-heptane was heated, it started to vaporize. The vapor
went up through the siphon, then it cooled at the condenser, and drops of n-heptane went to the
Soxhlet chamber and dissolved different impurities. This procedure continued until drops of n-
heptane from the bottom of the condenser became colorless. Hot n-heptane dissolved waxy
substances removing them from the [128]. Then the procedure was repeated with a Soxhlet
extractor replacing n-heptane with toluene. Toluene was used to dissolve the purified asphaltene
in the filter paper, separating them from the inorganic materials until all dissolved asphaltene
were moved to the reflux container. Then heat the resulting mixture at about 100 Celsius to
evaporate toluene (see Figure 3-4). After that, put the resulting asphaltene into the oven at 80°C
for 4 hours to dry and obtain pure asphaltene by measuring the weight of asphaltene three times

every 2 hours to ensure the weight is constant.

i
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Crude o1l was mixed with n- Residue was separated by Asphaltenes were pured
heptane with 1:40 ratio and stirred Whatman 42 using Soxhlet extractor
-

= —»
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Figure 3-2. Scheme of the asphaltene extraction procedure
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Figure 3-5. Toluene evaporation

After extraction, asphaltene is presented in a solid state; then, it is necessary to prepare
synthetic oil-dissolving asphaltene in toluene at specific concentrations for further experiments.
Therefore, synthetic oil containing 0.5 wt% of asphaltene was prepared. Knowing the required
concentration of asphaltene in the mixture and the mass of the solution, the required mass of

asphaltene can be calculated using provided Equation 3-1:

Masphalt Masphalt .
Casphait = E * 100% = L * 100% Equation 3-1
MasphalttMtoluene MasphalttVtoluene*Ptoluene

3.2.2 Asphaltene & nanocomposite characterization

Different characterization techniques were applied to obtain the chemical and structural
description of asphaltene and nanocomposite samples. First, asphaltene’s chemical composition
can be determined using elemental analysis, and Energy Dispersive Spectroscopy (EDAX)
determines the elemental composition of the nanocomposite. Then, nuclear magnetic resonance
(NMR) spectroscopy was used to obtain the chemical structure and functional groups that
makeup asphaltene. H-NMR represented the average length of the side chain to assess the level
of asphaltene aromaticity. C-NMR provides information that cannot be studied from H-NMR
about the basic structure of carbon molecules in heavy fractions [129]. To identify the intra and
intermolecular bonds, Fourier-transform infrared (FTIR) spectroscopy was used for both
asphaltene and NC characterization [130]. Usually, NP characterization includes the
determination of their size, structure, and charge of the surface. The NPs' physical stability and

in vivo distribution is influenced by the average particle diameter, size distribution, and charge.
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Electron microscopy techniques are beneficial in assessing the general form of polymeric NPs.
Their surface charge affects the NPs' physical stability, dispersibility, and in vivo performance

[50].

3.2.2.1 Fourier-transform infrared spectroscopy (FTIR)

Asphaltene and nanocomposites can be identified using the non-destructive analytical method
known as FTIR (Fourier Transform Infrared Spectroscopy). Making asphaltene or
nanocomposite material involves crushing or grinding the material into a fine powder. First, the
powder should be combined with a suitable solvent, such as toluene or chloroform, to create a
homogeneous solution. After that, the solution should be put in a suitable cuvette for FT-IR
spectrometer analysis. Finally, to ensure accurate results, the spectrometer must be calibrated
using a suitable reference material, such as a well-known standard of the same material.
Additionally, the instrument must be calibrated for the wavelength range and resolution needed
to analyze the material. After that, the various functional groups present in the asphaltene or
nanocomposite material can be determined by examining the resulting FTIR spectrum. With
the help of this data, it is possible to ascertain the material's structure and chemical makeup and
any potential changes by NPs. By contrasting it with well-known reference spectra of related
materials or using sophisticated data analysis and interpretation software tools, data from FTIR
analysis can be understood. This can enhance the performance of asphaltene or nanocomposites

and assist in identifying any potential issues or areas of concern.

Infrared spectroscopy generates an infrared spectrum by passing infrared radiation
through a material with a permanent or induced dipole moment. Then the amount of radiation
absorbed in a certain energy frequency is recorded. The produced absorption spectrum has
energy peaks that correlate to a molecule's vibrational frequency, allowing for qualitative
identification of the bond types in the sample. In addition, the IR spectrometer records the
energy of electromagnetic radiation transmitted through the sample, which is a function of the

wave number or frequency [120].

A FTIR setup, which consists of an infrared source, an interferometer, an infrared
detector, and a sample cell, is shown in Figure 3-5 [120]. The interferometer is an optical
apparatus comprising a beam splitter, a fixed mirror, and a moving mirror that must always be
perfectly oriented because the FTIR's accuracy relies heavily on it. The production of
interference in a beam of light is how the FTIR works. First, a light beam from a source is

splitted into two, with one of the resultant beams having a changing phase difference. Then,
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after measuring the interferogram, the two beams are recombined, and an interferogram is

recorded [120].

Fixed mirror
————
Moving mirror

Beam splitter Collimator Source

Sample compartment

Detector

Figure 3-6. The FTIR configuration [131]

3.2.2.2 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a highly efficient method for characterizing NPs to
learn more about their physical and chemical characteristics. Sample preparation, instrument
setup, imaging, particle size analysis, elemental analysis, morphological analysis, and data
analysis are some of the steps included in the procedure. SEM is used for morphological
analysis, which involves examining the NPs' surface structure, morphology, and shape. In
addition, SEM can reveal details about a particle's internal structure, such as whether it is hollow

or solid [131].

Before the SEM technique characterized the nanocomposite, the nanocomposite sample
was cleared of impurities. Next, the necessary amount of sample was heated in the furnace at
400°C for one hour. Then the sample was washed with ethanol 3-5 times using an ultrasonic
bath. After that, the nanocomposite was separated from ethanol using a centrifuge and put in
the vacuum oven at 60°C overnight to evaporate ethanol. Finally, the dried sample was crushed
into the powder. An essential step in the SEM characterization procedure is applying a thin
conductivity layer to samples. This is required to stop the sample from charging and enhance
the quality of the image. When a sample insulates or has poor electrical conductivity, charging
happens, which results in an electrical charge accumulating on the sample's surface. The image
may become distorted or lose resolution due to doing this. Using sputtering or carbon coating,
a thin layer of a conductive material, such as gold, platinum, or palladium, is applied to the
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sample to prevent charging. The electron beam can pass through the sample without
experiencing charging effects thanks to the conductive coating's role in facilitating the flow of

electrical charge.

SEM works based on a focused electron beam being scanned over a sample and signals
being picked up from the sample in response to the beam. The SEM instrument comprises an
electron source, electron lenses, a stage, and detectors. The interaction between an electron
beam and the sample's atoms releases secondary electrons, backscattered electrons, and X-rays.
Detectors pick up these signals, which are then used to build images of the sample. After being
bombarded by a primary electron beam, the sample's surface emits secondary electrons. The
sample surface can be imaged with high resolution using these low-energy electrons. On the
other hand, backscattered electrons are high-energy electrons that scatter back from the sample
due to contact with the sample's atomic structure. Images highlighting variations in a sample's
atomic number are produced using backscattered electrons, which can be used to distinguish

between various materials [132], [133].

Using energy-dispersive X-ray spectroscopy and imaging (EDS), SEM can be used for
elemental analysis. When a sample is exposed to an electron beam, EDS picks up the X-rays
that are released from the sample. The sample's elemental composition can be ascertained by

analyzing the detected x-rays, which indicate the elements present in the sample.

3.2.2.3 Surface area analysis (BET)

A popular technique for characterizing nanoparticle samples is the Brunauer-Emmett-Teller
(BET) method (see Figure 3-8). Sample preparation is the first step in the BET method's
characterization of NPs. In the same manner, as for SEM measurements, the sample was
prepared. To remove any adsorbed gas or moisture from the sample's surface, the sample should
be degassed above the boiling point of the adsorbed solvent. Typically, samples are vacuum-
degassed for several hours between 150°C and 200°C. The sample is prepared for BET analysis
after degassing. BET analysis entails measuring the isotherm of adsorption of a gas, typically
nitrogen, on a sample's surface. Plotting the amount of adsorbed gas against the gas's relative
pressure (P/Po), where P is the equilibrium pressure, and Po is the gas's saturation pressure at
the measurement temperature, is how the BET method works [134], [135]. The BET method
calibrates the instrument using a reference material with a known surface area. The specific
surface area of a sample can be determined using the BET method. The BET equation, a

mathematical formula connecting the volume of gas adsorbed to the sample's surface area, is
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used to calculate the surface area from the BET plot [135]. The specific surface area can be
calculated by dividing the sample's total surface area by its mass. The data can be analyzed to
determine the characteristics of the nanoparticle sample, such as particle size and morphology,
once the precise surface area of the sample has been calculated.
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Figure 3-7. Mechanism of BET analysis [133]

3.2.2.4 X-ray diffraction (XRD)

Asphaltene and NP sample diffraction patterns can be deciphered to reveal the crystal structure,
lattice parameters, and phase identification. Particle size, morphology, and crystallographic
orientation can be determined by analyzing the location and intensity of peaks. X-ray diffraction
patterns are frequently used in NP research as the primary characterization tool for acquiring
crucial features such as crystal structure, crystallite size, and strain. For example, the diffraction
peaks in nano-crystalline materials become broader due to randomly aligned crystals. This is
because an X-ray grating with a finite size does not entirely interfere with X-rays in both a

constructive and destructive manner.

Diffraction allows studying the crystal lattice of various solid materials [136]. This
method is one of the most important for the characterization of asphaltene, showing the
arrangement of atoms in a solid sample due to the intensity of refracted rays. XRD is based on

Bragg's law of diffraction, illustrated in Figure 3-7 [137]. It shows that the incident beam is
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normal to the reflecting plane, and the diffracted beam is normal to the reflecting plane.
Furthermore, the angle formed by the incident and dispersed beams is called the scattering angle
with a constant value 20 [137]. An X-ray diffractometer comprises an X-ray source, a
goniometer, a counter tube, and counting electronics. A plot of peak intensity versus 20 is
usually applied to acquire XRD data. The angle is then converted to the space between
crystallographic planes using Bragg's formula [138].

Incident Scattered
beam beam

nA=2dsin @ &7
A

Atomic planes

Figure 3-8. Principle of XRD process [137]
3.2.3 Nanocomposite efficiency evaluation

The nanocomposite efficiency evaluation consists of determining the optimum concentration
of the novel nanocomposite by comparing the asphaltene onset point at those concentrations.
In addition, the thermogravimetric analysis identifies the mechanisms of asphaltene adsorption

and provides information about the catalytic activity of asphaltene and NCs.

3.2.3.1 Determination of nanocomposite optimum concentration

One of the methods to assess the NC efficiency is to determine the asphaltene precipitation
onset point (AOP). The “indirect method” proposed by Tavakkoli was applied in this research
[139]. The main principle of the “indirect technique” is to use supernatant liquid content after
the samples of synthetic oil were centrifuged to determine the asphaltene onset point.
Asphaltene onset point shows at what n-heptane concentration asphaltene starts to precipitate.
This method applies to oil samples with different concentrations of asphaltene [139]. It
compares AOP curves in the absence and presence of NC at different concentrations. The

sample preparation for AOP determination is depicted in Figure 3-10. Initially, different
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concentrations of synthetic oil and NC were mixed. After that, the mixture was put into an
ultrasonic bath for 25 minutes. Next, n-heptane was added to the solution and left for 2 hours
at room temperature and pressure. Precipitation was separated from the supernatant liquid using
a centrifuge for 15 minutes at 10,000 rpm. If prepared supernatant liquids were too dark for UV
spectroscopy, dilution was required. The mixture was diluted with toluene at different
concentrations. After that, absorbance for each sample was measured in a range of wavelengths
between 500 and 900 nm using a spectrophotometer, using toluene as a blank. Values of
absorbance at a wavelength of 700 nm were used. Cuvettes made of quartz were used to measure
the absorbance. Then adsorption for each initial concentration was calculated, removing the
dilution effect. AOP was defined on the graph of absorbance vs. n-heptane concentration. The
volume fraction of n-heptane at the time of the detection of asphaltene precipitation correlates
to the abrupt departure from linear behavior in the data points. AOP is identified as the first
deviation from the straight line. The same procedure was repeated, adding nanocomposite at

0.1, 0.3, 0.4, and 0.5 wt% concentrations.
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Figure 3-9. Sample preparation for AOP determination

3.2.3.2 Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) technique is a thermal analysis method that uses a beam
balance principle to detect changes in the weight of a sample over time and temperature. A
thermobalance with a capacity of a few hundred milligrams is used in a TGA device, which
measures the amount of sample with an accuracy of roughly 1 g. It also contains a heater

between 50°C and 1,000°C, with a heating rate of 100°C per minute [140]. A TGA experiment,
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performed in an inert atmosphere, aids in estimating the sample's thermal stability and
evaluating weight changes due to moisture evaporation and organic chemical breakdown. TGA
provides a curve that aids in understanding the material's degradation mechanism. The heating
rate and sample size affect the TGA curve. The heating and sample size rate are proportional to
the sample's decomposition temperature changes. The flow rate of gas, the size of particles, and
the decomposition temperature may affect the kinetics of the reaction; consequently, while
comparing the thermal stability of 2 samples, it is critical to maintaining an identical condition

of variables [127].

The sample preparation for TGA analysis and asphaltene adsorption isotherms was
described in Figure 3-10. Asphaltene molecules adsorb on the surface of NPs at 25°C
temperature. The experiment consisted of adding a certain nanoparticle concentration to
synthetic oil in a ratio of 1:10 (g/1) ratio. Then they were tightly closed and stirred at a speed of
200 rpm at a temperature of 25°C. Subsequently, to separate the asphaltene adsorbed on the
surface of the NPs using a centrifuge for 15 minutes at a speed of 10,000 rpm. Next, the NPs
with asphaltene placed in a vacuum oven for a day at 60°C; the dry finished material is used for
thermogravimetric analysis [79]. While, supernatant liquid was used to determine the
adsorption isotherms using UV spectroscopy. TGA can be used to evaluate how much
asphaltene is adsorbed onto NPs’ surfaces by measuring mass loss between 200—-800°C. TGA
was used to perform a thermogravimetric analysis on asphaltene, NC, and NC with adsorbed
asphaltene. The samples were heated in an environment of air for around 5 mg. To get over
diffusion constraints, the sample mass was kept low. Airflow was maintained at 100 cm?/min.
Fresh NPs from the original bottle were heated to 1,000°C at a heating rate of 10°C/min to
achieve an accurate profile of mass loss and heat changes. Pure asphaltene and asphaltene
adsorbed onto NPs were heated to 900°C in the air at a heating rate of 10°C/min for adsorption

kinetics and isotherms.

TGA analysis enables determining the amount of adsorbed asphaltene. Firstly, the mass
of fresh NPs is analyzed by TGA; then, the final mass is recorded (mrGanp)). Then NPs with
adsorbed asphaltene was analyzed by TGA, then the final mass and mass loss were recorded
(mTGAGds+NP)). As a result, the mass of adsorbed asphaltene (mads) can be calculated using the

equation below:

Maas = MrGa(ads+NP) — MTGA(NP) Equation 3-2
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Comparing the profiles of fresh NPs and NPs added to the solution, a negligible
difference in mass loss between the two profiles led to the conclusion that the adsorption
process did not occur. At the same time, the significant change in mass loss between the two
profiles represents the adsorption of asphaltene. Since the initial concentration of asphaltene
and the mass of NPs are known, the equilibrium concentration of asphaltene in the supernatant,
Ce, and the amount adsorbed (Qe, mass of adsorbed asphaltene/mass of NPs), are then

estimated from the mass balance [76].
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Figure 3-10. Sample preparation for TGA analysis and adsorption isotherm determination
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4 RESULTS AND DISCUSSION

This section includes raw data from experiments and an analysis of the results. The result and
Discussion chapter is divided into three parts. The first part describes asphaltene samples, their
molecular structure, and their chemical composition. The second part analyses nanocomposite
properties characterization. In addition, the last part of this chapter represents the results of the
interaction between the nanocomposite and asphaltene sample. It evaluates the efficiency of
nanocomposite on asphaltene aggregation and adsorption, determining the optimum

concentration of nanocomposite.

4.1 Nanocomposite characterization

This section contains results of characterization of the novel NC using different techniques such
as scanning electron microscopy (SEM) for morphology, energy dispersive spectroscopy (EDS)
for elemental analysis, Brunauer—-Emmett—Teller (BET) method for the surface area of the
sample, Fourier transform infrared (FTIR) spectroscopy for functional groups, x-ray diffraction
(XRD) for the crystal structure of NC and thermogravimetric analysis (TGA) for its thermal
stability. For example, Thiazine-Fe30O4-Ti0O2-Si02-Bentonite is a novel NC including the

organic compound thiazine, metal oxides, and clays.
4.1.1 Energy dispersive spectroscopy (EDS)

The EDS analysis is incorporated with Scanning Electron Microscope ZEISS Crossbeam 540.
EDS analysis is used to characterize nanocomposite in terms of elemental composition and
distribution of molecules. Figure 4-1 represents the results of the EDS analysis. Each chemical
element has a specific energy level that reflects in peaks at X-ray regions. The EDS confirms
the elemental composition of the new nanocomposite [141]. It can be seen from the EDX that
oxygen (O) and silicon (Si) elements dominate in the composition of Thiazine-Fe304-TiO2-
SiO2-Bentonite 55.1 and 18.9 wt%, respectively. Fe and Ti also contribute to the elemental
composition of nanocomposite as 4 and 2.5 wt%, respectively. The Presence of Al, Mg, K, Ca,
and Na indicates the presence of bentonite, as these chemical elements form clay. The presence
of all elements mentioned above indicates that the novel NC was successfully prepared. This
experiment also reveals the relative content of the aforementioned elements in the NC.
However, EDS did not detect nitrogen and sulfur even though these elements are present in the

composition of the organic compound Thiazine.
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Figure 4-1. EDS of the Thiazine-Fe3;04-Ti0,-SiO,-Bentonite NC
4.1.2 Scanning electron microscopy (SEM)

Scanning Electron Microscope ZEISS Crossbeam 540 was used to study the morphology and
size of the nanocomposite. The sample was investigated under two scales. 300 nm scale was
used to observe the sample’s morphology visually, and the 100 nm scale shows the size of the
NC. Morphology of Thiazine-Fe304-Ti02-Si102-Bentonite NC is presented in Figure 4-2b. It
was noticed that the surface of the sample was rough, and its shape was non-uniform and
irregular. The average size of the nanocomposite determined from the SEM measurements
(Figure 4-2a) was around 38-76 nm. Hence, the NC varies in a wide range of size and is highly

agglomerated.

a) b)

Figure 4-2. SEM of the Thiazine-Fe3;04-Ti0,-SiO,-Bentonite NC a) 100 nm scale b) 300 nm scale
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4.1.3 X-ray diffraction (XRD)

SmartLab (Rigaku) X-ray Diffraction System provides XRD patterns for the Thiazine-Fe3Oa-
Ti02-Si0O2-Bentonite NC. X-ray diffraction (XRD) is a commonly used technique for the
characterization of NPs. The XRD pattern can provide information about the crystalline
structure, phase composition, and crystallite size of the NPs. When interpreting an XRD pattern
of NPs, it is essential to compare the peaks observed in the pattern to the reference patterns of

known nanoparticle crystal structures.

The XRD pattern of SiO: typically shows several prominent peaks at specific angles,
known as 26 angles, which correspond to the diffraction of X-rays by the crystal lattice of SiOx.
The most prominent peaks in the XRD pattern of SiO: are usually observed at around 20.89°,
26.67°, 45.87°, 50.14°, and 59.95° 20 angles. The peak at around 20.89° corresponds to the
(100) plane of the a-quartz structure of SiO2. The peak at around 26.67° corresponds to the
(101) plane of a-quartz. In addition, the peak at around 45.87° corresponds to the (201) plane
of a-quartz. Finally, quartz surface 112 and 211 planes refer to the 50.14° and 59.95° 20 angles,
as it was obtained in previous studies by Zhang et al. [142]. Figure 4-3 shows that silicon oxide
is present in two phases: quartz and cristobalite. Comparing XRD patterns with patterns
obtained by Munasir et al. [143]. From the XRD results, SiO2 is the dominant NP in the
composition of the new NC that is corresponds to the results of the EDS where Si and O

constitute the highest weight content in the NC.

The interpretation of XRD patterns for TiO2 can be complex and depends on several
factors, such as the phase of TiO2 (Anatase, Rutile, or Brookite), the crystal size, and the degree
of crystallinity. In many cases, TiO2 samples may contain a mixture of two or more phases. In
such cases, the XRD pattern will show peaks corresponding to the diffraction peaks of each
phase present in the sample. For example, in Figure 4-3, intensive peaks of 2 theta values 26.67°
and 36.62° identify the Anatase and rutile phases of TiO2 that were also reported in other studies
[143]-[145].

Fe304 is a compound of iron and oxygen, also known as magnetite. Its XRD pattern
typically shows distinctive peaks at specific angles that can be used to identify the material’s
crystal structure. For example, the XRD pattern of Fe3Os typically displays several peaks

corresponding to the (220), (311), (400), (422), (511), and (440) planes, among others. These

peaks can be indexed to a face-centered cubic (FCC) crystal structure with lattice parameter a

62



= 8.397 A. The most intense peak in the pattern is usually the (311) peak, which appears at
around 20 = 36.62°. Other notable peaks include the (400) peak at around 20 = 42.49°.

Bentonite is a clay mineral typically exhibiting several X-ray diffraction (XRD) peaks
in its XRD pattern. These peaks correspond to specific crystallographic planes within the
mineral’s crystal lattice. The XRD pattern of montmorillonite typically shows strong peaks at
around 19.86°, 23.72°, and 27.77° 20 angles. The specific 20 angles and peak intensities can
vary depending on factors such as the type of bentonite, the sample preparation, and the XRD

instrument used.
The crystallite size of nanocomposite was calculated using the Scherrer equation:

kA .
= Beos Equation 4-1

where D is crystallite size in nm, k is Scherrer constant (0.9), A is X-ray wavelength

(0.15406 nm), B is full width at a half maximum (FWHM) in radians, 0 is a peak position in
radians. FWHM was determined from Origin Pro software and at the maximum peak position

0f 26.67, it equals to 0.174 rad. The crystallite size is about 46 nm which good corresponds to

the measured NC size range using the SEM technique.
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Figure 4-3. XRD of the Thiazine-Fe;04-TiO,-Si0,-Bentonite NC
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4.1.4 Fourier — transform infrared spectroscopy (FTIR)

FTIR analysis of NC was performed using Nicolet iS10 FT-IR Spectrometer. This analysis
characterizes NC in terms of chemical bonds under infrared radiation in a wavelength range
from 400 cm™! to 4,000 cm™ that is presented in Figure 4-4. IR radiation may cause atomic
vibrations reflected in different peaks of transmission energy. 3,620 cm™! peak is located in a
single bond region with a frequency between 2,500 and 4,000 cm™!, confirming the presence of
hydrate and hydroxyl groups (OH) in the NC [146]. 1640 cm™ peak refers to a double bond
region from 1,500 cm™ to 2,000 cm™ frequency proving the existence of unsaturated bonds
(C=C or C=0) or aromatic compounds [146]. The 1000 cm™ peak corresponds to Si — O — Si
stretching bond, while the 797 and 692 cm™! frequency peaks refer to Si — O — Ti stretching and
Al — O — Si stretching, respectively. Peaks at lowest frequencies 418 and 522 cm™! correspond

to the Ti — O stretching and Fe — O vibrations, respectively.
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Figure 4-4. FTIR of the Thiazine-Fe304-Ti0,-SiO,-Bentonite NC
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4.1.5 Thermogravimetric analysis (TGA)

TGA was performed using Simultaneous Thermal Analyzer (STA) 6000, which records the
weight alteration with temperature increasing at a constant rate. It allows evaluation of the
sample's thermal stability and volatile components' existence. The sample was heated from
30°C to 800°C at a constant rate of 10°C/min. Initially, 24 mg of the NC was taken for
characterization. After heating the sample to 800°C, the mass of the sample decreased to 21.9
mg. Figure 4-5 represents the relation between mass loss and its derivative with temperature
changes. From Figure 5, it can be seen that Thiazine-Fe3Os-Ti02-Si02-Bentonite NC has three
stages of weight loss. The first stage is between 30 and 195°C and refers to NC thermal
dehydration. The sample's mass loss due to the water content reduction was 2.71%. The second
stage was from 195°C to 490°C, corresponding to the thermal decomposition of organic
material and decarboxylation, where the mass loss was 3.6% out of the total mass [147]. The
first peak of the mass loss rate refers to evaporation of the volatile components; while, the
second peak refers to the burning of non-volatile components of the NC [148]. Combustion of
organic polymers and aromatic structures describes the third stage of NC mass loss at a
temperature range between 490 and 800°C. During the heating of the sample from 30 to 800°C,
the mass loss was only about 10%, indicating the new NC's high thermal stability.
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Figure 4-5. Thermogravimetric analysis of the Thiazine-Fe;04-Ti0,-SiO,-Bentonite NC
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4.2 Evaluation of the efficiency of nanocomposite
4.2.1 Asphaltene onset point (AOP)

The asphaltene onset point was analyzed to assess the efficacy of the NC and establish the
optimal concentration. Asphaltene onset point curves were compared in the absence and
presence of the NC at a particular concentration, as illustrated in Figures 4-6, 4-7, 4-8, and 4-9.
The absorbance value decreases as the concentration of asphaltene decreases with an increase
in n-heptane volume in the mixture. As per the Beer-Lambert law, the absorbance is directly
proportional to the concentration. Therefore, a deviation from the linear relationship indicates
the onset of asphaltene precipitation. After this, the asphaltene absorbance value drops sharply
in the solution, significantly reducing asphaltene concentration. Notably, a linear correlation
between optical density and solution concentration was found when plotting the dependence of
optical density values on asphaltene concentration. This outcome indicates that the Beer-

Lambert law governs the system.

The black graph in Figure 4-6 depicts the solution without the NC. The precipitation of
asphaltene commenced at a concentration of 40 vol% n-heptane, resulting in an abrupt reduction
in optical density. Consequently, the validity of linear orientation was compromised. The
absorption drop can be observed between 40 and 50 vol% n-heptane in the detailed view
provided in Figure 4-6. Three midpoints were selected from the intervals above to precisely
determine the deviation point and the exact percentage of n-heptane responsible for the onset
of precipitation. These midpoints had precipitation contents of 42, 45, and 47 vol%,
respectively. Thus, the asphaltene onset point in the absence of NC was determined to be 40%
of the n-heptane volume serving as a reference point for evaluating the influence of NPs on
asphaltene onset point. This signifies the point at which the synthetic oil containing 0.5 wt%
asphaltene begins to solidify and enables the assessment of the potency of their inhibitory effect.
The NC was added to the synthetic oil at 4 different weight percentages. Its impact on AOP
was examined after establishing the onset point for the synthetic oil. Four different weight
percentages of NPs, namely 0.1, 0.3, 0.4, and 0.5, were tested. In presence of the NC at each
concentration, the deviation from the straight line occurred between 40 vol% and 50 vol%,
similar to the condition without NPs. Several midpoints within the ranges where the deviation
from a straight line occurred were selected to determine the exact starting point for each

nanoparticle.
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The results of calculating the asphaltene onset point (AOP) of synthetic oil in the
presence of a NC at concentrations of 0.1 wt%, 0.3 wt%, 0.4 wt%, and 0.5 wt% are presented
in Figures 4-6, 4-7, 4-8, and 4-9, respectively. As indicated in Figure 4-6, a concentration of
0.5 wt% had no significant effect on the AOP, which remained at 40 wt%, the same as in the
absence of the NC. Decreasing the concentration from 0.5 wt% to 0.4 wt% increased the AOP
from 40 to 45 wt%, as shown in Figure 4-7. However, there was no further increase in AOP
when the concentration was decreased from 0.4 wt% to 0.3 wt%, as seen in Figure 4-8. The
AORP for the 0.1 wt% concentration, as determined from Figure 4-9, was determined to be 40
wt%. The effect of the NC concentration on the AOP was not significant. Therefore, the
maximum AOP was achieved with 0.3 wt% and 0.4 wt% of the NC. However, the optimum
concentration of the NC for reaching the maximum AOP value was determined to be 0.3 wt%

as this concentration required the minimum amount of NC.

Compared to synthetic oil, a reduction in absorbance was observed due to removing
asphaltene from the system. This decrease in absorbance value can be attributed to the removal
of asphaltene from the oil system and the subsequent formation of a bond between NC and
asphaltene molecules, which delays the onset of precipitation. The elimination of asphaltene
from a petroleum system occurs by adhering to the NC. Both types of NPs reduce the absorption
capacity of synthetic oil. It is therefore suggested that asphaltene molecules should adsorb onto
nanoparticle surfaces and be centrifuged out of the system to decrease the absorption capacity.
This decline was observed both before and after the asphaltene onset point. Since the likelihood
of asphaltene precipitation increases with increasing asphaltene content, reducing the number
of asphaltene in the synthetic oil solution through the adsorption mechanism can be considered
one of the primary factors in preventing asphaltene precipitation. Consequently, the number of

asphaltene and the asphaltene onset point are inversely related.
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Figure 4-6. Asphaltene onset point determination in the presence of 0.5% of Thiazine-Fe;04-Ti0»-

Si0,-Bentonite NC
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Figure 4-7. Asphaltene onset point determination in the presence of 0.4% of Thiazine-Fe;O4-Ti0O,-

Si0;,-Bentonite NC
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Figure 4-8. Asphaltene onset point determination in the presence of 0.3% of Thiazine-Fe;04-Ti0»-

Si0,-Bentonite NC
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Figure 4-9. Asphaltene onset point determination in the presence of 0.1% of Thiazine-Fe;O4-TiO,-

Si0;,-Bentonite NC
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4.2.2 TGA analysis

TGA (thermogravimetric analysis) was used to evaluate the catalytic impact of the NC on
oxidation of asphaltene and asphaltene adsorption onto the surface of the NC. The method
involved comparing the combustion behavior of pure asphaltene and asphaltene that was
adsorbed onto the surface of a NC, as depicted by the mass loss profiles in Figure 4-10. The
mass loss behavior of virgin asphaltene, which occurs in two stages, is presented in Figure 4-
11. The first stage occurs between 350°C and 470°C and is attributed to the thermal degradation
of aliphatic side chains. The second stage takes place above 470°C and a high-temperature mass
loss peak is observed, which is associated with the degradation of polynuclear aromatic sheets
[149]. At 800°C pure asphaltene lose their mass by 55% but are not fully burned, while
asphaltene adsorbed onto the NC are burned fully at 550°C to 600°C as shown in Figure 4-10.
Therefore, maximum weight loss temperature shifted from 800°C to 550°C. This shift in
maximum weight loss temperature is attributed to the high adsorption of asphaltene on to the
surfaces of the NC, which results in more asphaltene-accessible surface for burning.

Consequently, it accelerates the asphaltene degradation/combustion process.

It can be seen from Figure 4-10 that the mass loss of pure nanocomposite was only about
10% due to the presence of sorbed moisture, impurities, and presence of organic materials. The
data presented in Figure 4-12 depicts the variation of conversion factor as a function of
temperature for different concentrations of synthetic oil, with the addition of 0.15 grams of NC.
The conversion factor was calculated using Equation 4-2:

q =0T Equation 4-2

mo—mf

The catalytic effect of the NC on oxidation diminishes with an increase in the initial
concentration of asphaltene in the model solution, resulting in a higher uptake until Qmax is
achieved. In reactions performed under non-isothermal conditions using a catalyst, an increase
in reactant mass is expected to lead to longer reaction times and higher temperatures. However,
in solution-based reactions, the initial concentration is not an independent variable for fractional
conversion, and therefore cannot be used to obtain reaction kinetics using the iso-conversational
method [150]. Consequently, the conversion factor can only be used to compare the kinetics of
condensed-phase reactions when the same initial and final masses are achieved. The best way
to assess the kinetics of adsorbed species in condensed phases is through the mass reaction per

unit area, as suggested by Abu Tarboush and Husein [83].
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According to the results obtained from TGA analysis, the role of the NC in oxidation of
asphaltene is to facilitate the process by means of surface exposure, rather than serving as
catalysts. The efficacy of NC in oxidizing adsorbed asphaltene demonstrated an inverse
correlation with their Qmax in mg/g. Specifically, greater asphaltene adsorption leads to reduced

exposure to the air stream, which results in a slower oxidation rate [147].
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Figure 4-10. The mass loss of adsorbed asphaltene onto the Thiazine-Fe;04-Ti0,-Si0,-Bentonite NC
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Mass loss rate

Figure 4-12. Fraction conversion of adsorbed asphaltene onto the Thiazine-Fe;04-TiO,-SiO,-Bentonite
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4.2.3 Asphaltene adsorption isotherms

Various concentrations of asphaltene solutions ranging from 100 to 5,000 ppm were used to
prepare adsorption isotherms at a temperature of 25°C. The optimal concentration of the NC in
the solution was determined to be 5,000 ppm. The relationship between the surface area of the
NC and the amount of adsorbed asphaltene was demonstrated through the plot of Qe vs. Ce
with the Langmuir fitting model, where Qe refers to the mass of asphaltene adsorbed on the
surface of the NC and Ce is the equilibrium concentration. The adsorption isotherm, which
shows asphaltene precipitation patterns, is produced by the relationship between Qe and Ce. A
sharp increase in the amount of adsorbed asphaltene is observed at low equilibrium
concentrations, and after a concentration of around 700 ppm, Qe stabilizes, indicating the
behavior of asphaltene following the Langmuir monolayer model of asphaltene adsorption. The
amount of adsorbate (Qe) was calculated using Equation 4-3 below:

— M(Co—Ce)
mA

Q. Equation 4-3

where M is a mass of asphaltene in mg, Co is the initial concentration of asphaltene in
the model solution in ppm, Ce is the equilibrium concentration of supernatant in ppm, m is the

mass of NC in g, A is the surface area of NC in m%/g.

The experimental data were analyzed to fit both the Langmuir and Freundlich models
of adsorption isotherms. The Freundlich and Langmuir models are presented in Equations 2-4
and 2-2, respectively. The linearized Freundlich and Langmuir models are represented in
Equations 2-5 and 2-3, respectively. The linear Langmuir fitting model with experimental data
and the coefficient of determination R? = 0.999 is shown in Figure 4-14; while, the Freundlich
fitting model with experimental data is shown in Figure 4-15, where R? = 0.84. Both models

exhibit high values of R2.

Table 4-1. Langmuir and Freundlich parameters

Langmuir model Freundlich model
Kr (kg/mg) | Qmax (mg/m?) R? Kr ((mg/m?)(L/mg)"'™) n |R?
0.0028 0.75 0.99 0.38 1.03 | 0.84
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Figure 4-13. Asphaltene adsorption isotherm onto Thiazine-Fe;04-Ti0,-Si0,-Bentonite NC. The dots

represent experimental data; the dashed line represents the Langmuir model.
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S CONCLUSIONS AND RECOMMENDATIONS

The main objective of this research work was to assess how a newly synthesized sophisticated

NC (Thiazine-Fe304-Si02-TiO2-Bentonite) performs as an asphaltene precipitation inhibitor.

For this purpose, several techniques such as SEM, EDX, BET, XRD, FTIR, and TGA were

used to first characterize the NC, to determine its surface area, morphology, particle size and

distribution, elemental composition, functional groups, structure, and catalytic impact of the

NC on oxidation of asphaltene and asphaltene adsorption onto the NC. Based on the findings

of the current research work, the following 4 major conclusions can be drawn:

1.

The NC’s morphology is rough and non-uniform. Oxygen and Silicon are the main elements
that compose NC in 55.1 and 18.9 wt% respectively obtained from the EDAX. The size of
NC determined from SEM is in between 38-74 nm. Crystal size 46 nm was calculated from
the XRD analysis, showing good matching with SEM results. The interpretation of the XRD
data shows that quartz dominates in NC composition.

The asphaltene was adsorbed onto the surface of the NC, which significantly postponed the
asphaltene onset point in a 0.5 wt% synthetic oil. The optimal NC concentration for
postponing the AOP was determined as 0.3 wt%.

Experimental adsorption isotherms fitted well to the Langmuir adsorption isotherm with the
determination coefficient of 99% rather than to the Freundlich model with the 83.92%
coefficient of determination suggesting a monolayer asphaltene adsorption.

The absence of NPs during the oxidation of asphaltene resulted in two distinct regions
indicating the oxidation of different carbon types in the system. However, the presence of
NC caused a significant reduction in the oxidation temperature. When Thiazine-Fe3O4-
S102-Ti02-Bentonite NC was added, it significantly lowered the temperature at which

asphaltene oxidizes proving that the novel NC has a catalytic effect.

This research work demonstrated great potential of the novel Thiazine-Fe304-Ti02-
Si02-Bentonite NC as a new asphaltene precipitation agent. Overall, the results showed that
the novel NC performed well under laboratory conditions and prevented asphaltene
precipitation effectively. These findings demonstrate that the novel NC can help to control
asphaltene precipitation effectively. However, further investigation on performance

assessment of the NC under reservoir conditions is recommended.
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